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The aim of this body of work was to establish a feasible technique for the regeneration of a 
phosphorus poisoned, nickel hydrogenation catalyst. Two catalysts were synthesised using the 
wet impregnation method, namely a nickel catalyst supported on γ-alumina (15 NiA), and one 
supported on silica (15 NiSi). The nickel weight loading was close to 15 wt.% for both catalysts 
(14.6 for 15 NiA and 14.7 for 15 NiSi), as determined by inductively coupled plasma – optical 
emission spectroscopy. Characterisation of the catalysts with hydrogen chemisorption, X-ray 
diffraction, temperature programmed reduction, scanning electron microscopy and 
transmission electron microscopy showed nickel to be better dispersed on the alumina support, 
compared to the silica support. Hence, the alumina supported catalyst had a higher metallic 
surface area.  
 
Catalytic tests for the hydrogenation of octanal to octanol showed that the conversion and 
selectivity of both catalysts towards octanol was similar. Deactivation experiments for both 
catalysts were performed by conducting accelerated deactivation experiments during time-on-
stream hydrogenation reactions. Deactivation was induced by hydrogenating feed 
contaminated with an exaggerated triphenylphosphine concentration of 500 ppm, in a 
continuous flow, high pressure, fixed bed reactor. The reactions were conducted at a 
temperature of 140 °C, 50 bars of hydrogen pressure, a liquid hourly space velocity of 18 h-1, 
and a gas hourly space velocity of 540 h-1. After deactivation had occurred, the catalysts were 
regenerated using three separate experiments, namely (a) a hydrogen treatment which involved 
passing hydrogen gas over the catalyst bed, (b) washing the catalyst bed with octanol, and (c) 
conducting a regeneration experiment that involved carrying out the octanol wash and 
hydrogen treatment regeneration experiments in tandem, and this experiment was termed the 
combined regeneration.  
 
The recovered catalytic activity and octanol selectivity was in the sequence of hydrogen 
treatment < Octanol wash < Combined regeneration for both catalytic systems. Furthermore, 
higher catalytic activity and octanol selectivity was recovered for 15 NiSi compared to 15 NiA, 
although the catalyst took longer to deactivate than 15 NiA. Regeneration did not lead to the 
removal of phosphorus, but resulted in the formation of nickel phosphides, which were 
confirmed through characterisation by X-ray diffraction, high resolution transmission electron 
microscopy, and magnetic measurements.  
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From the results found in this study, the silica supported catalyst performed better compared to 
the alumina supported catalyst, since 15 NiSi had a comparable intrinsic activity to 15 NiA, 
was more resilient against deactivation, thereby taking longer than 15 NiA to deactivate. In 
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Catalytic data processing 
The following equations were used to quantify catalytic data. 
The yield of a reaction is defined as the amount of product that was produced in a reaction 
divided by the amount of starting material. It is calculated using equation1. 
 
𝑌𝑖𝑒𝑙𝑑 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟
     …equation 1 
The conversion is defined as the amount of reactant that was converted to product divided by 
the amount of starting material. It is calculated using the following equation: 
 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑒𝑑
    …equation 2 
The selectivity is defined as the yield of the desired product divided by the overall amount of 
starting material converted to products and is calculated using the following equation 3. 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑦𝑖𝑒𝑙𝑑 
𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
      …equation 3 
Space velocities 
 
Liquid hourly space velocity (h-1) = 









Gas hourly space velocity (h-1) = 









Chapter 1: Introduction 
1.1 Background to this research 
The chemicals industry is a cornerstone of modern civilization, with the global chemicals 
output estimated to be worth billions in US dollars per annum [1-3]. The transformation of bulk 
and commodity chemicals requires catalysts, and it has been reported that 85% of all industrial 
processes use a catalyst in some stage of their production process [4-6]. Catalysis has been 
estimated to constitute about 15 % of economic activities of industrialised countries, with the 
goods produced via catalysis having an estimated value of 900 billion US dollars [7]. Although 
the large scale industrial use of catalysis started around 300 years ago, ancient human 
civilizations reportedly exploited catalysis by using yeast in the fermentation of sugar to 
produce alcoholic beverages. However, it was not until the 19th century that the phenomenon 
was termed “catalysis” by J. J. Berzelius [1, 8, 9]. 
The basic definition of a catalyst is a substance that speeds up the rate of a reaction without 
being consumed, nor forming part of the products. A chemical reaction involves the cleavage 
of existing bonds, atomic rearrangements, and formation of new bonds, which results in the 
formation of the product. The initial cleavage of bonds requires a high energy of activation to 
break the existing bonds. The compensation of the high energy requirements could be achieved 
either through increasing the temperature at which the reaction takes place, or by lowering the 
required energy of activation through the use of a catalyst [10].  
The catalyst achieves this by providing an alternative reaction pathway, requiring a lower 
activation energy compared to the uncatalyzed reaction. The reactants form intermediate 
compounds with the catalyst. The transient bonds between the catalyst and reactants have lower 
activation barriers than the bonds of the starting reactants, and hence require less energy to 
break. This accelerates the rate of the reaction, since the initial cleavage of bonds is most often 
the limiting step of the reaction. The formation of products at the end of the reaction results in 
the regeneration of the catalyst [10, 11]. Catalytic reactions always proceed via cycles of 
reaction steps, with the catalyst undergoing conversion from one form to another during the 
course of the  reaction [12]. 
Many catalysts exist for various processes, and are therefore classified according to physical 
states or area of application. There are three main classes, namely homogeneous, heterogeneous 
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and biocatalysts. A homogeneous catalyst is in the same phase as the reactants and product, 
and usually involves the catalyst, reactants and products in the liquid phase. Heterogeneous 
catalysts are solid state materials, while the products and reactants exist in different phases to 
the catalyst. Biocatalysis refers to the catalytic application of enzymes, most notably in the 
fermentation of sugar products to produce alcohol [13]. Homogeneous and heterogeneous 
catalytic processes are largely exploited in industry. Of a total of 85 % of catalysed industrial 
processes, the use of heterogeneous catalysts is predominant, whereas homogeneous and 
biocatalysis are not as extensively applied [4, 14, 15]. Figure 1.1 provides a summary of the 
role of catalysis in the chemical industry. 
 
 Figure 1.1: A summary of the important role of catalysis in industry [4] 
1.1.1 Heterogeneous Catalysis 
Heterogeneous catalysis usually involves the reaction of either gas or liquid reactants on the 
surface of porous, high surface area solids which are usually composite materials that are 
further classified as either bulk or supported metal catalysts [16, 17]. Bulk catalysts refer to 
catalytic solids such as zeolites and clays that are composed of different active components in 
an intimate mixture, while supported catalysts are usually composed of metallic species 
dispersed on the surface of a support [18, 19]. 
The use of heterogeneous catalysis is at the heart of the modern chemical industry, with the 
first commercial application of a heterogeneous catalyst going as far back as 1746, when the 
production of sulphuric acid by the Lead Chamber process was discovered by John Roebuck 
[1]. This led to a number of notable discoveries, one of which was the development of the 
ammonia catalytic process by Fritz Haber [20], that revolutionised the fertilizer industry and 
warfare by allowing the conversion of inactive atmospheric nitrogen to a reactive form that can 
be used for the production of fertilizers and explosives. The resulting increase in fertilizer 
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production dramatically increased global agricultural productivity and provided food security, 
thereby boosting the growth of the world population [21, 22]. 
South Africa itself has immensely benefited from the application of a heterogeneous catalytic 
process, namely the Fischer-Tropsch process, for the conversion of carbon monoxide and 
hydrogen gas to hydrocarbons [23]. This process was discovered in 1922 by Franz Fischer and 
Hans Tropsch, but was adopted by Sasol during an embargo on the import of petroleum 
sanctioned against the Apartheid government [24, 25]. The process enabled the synthesis of 
fuels and value added chemicals from coal and natural gas, which is relatively cheap compared 
to crude oil [26]. 
The applicability of heterogeneous catalysis has since evolved, and is not only confined to the 
production of chemicals, but other major drivers include transportation, polymers, 
agrochemicals, environmental protection, and sustainable energy [24, 27]. Catalysis is now at 
the forefront of environmental sustainability and ‘green’ processes, with the introduction of 
catalytic converters in the 1970’s leading to a significant decrease in the environmental 
emission of harmful exhaust gases [24, 28, 29]. A lot of current research is directed towards 
the development of highly active catalysts for the valorisation and upgrading of bio-based 
feedstocks in a move towards greener, more sustainable sources of platform chemicals [30-33]. 
A more inclusive list of notable heterogeneous catalytic processes and discoveries is presented 
in Table 1.1. 
Table 1.1: Summary of a few notable discoveries in heterogeneous catalysis [1, 24] 
Process Catalyst Main Inventor Year 
Sulphuric acid Lead chamber Roebuck 1746 
Sulphuric acid production 
via the Contact process 
Pt, later V2O5 Phillips 1831 
Nitric acid production via 
the Ostwald process 
Pt gauze Ostwald 1904 
Ammonia synthesis Fe Haber 1909 
Hydrogenation Ni Sabatier 1912 
Methanol synthesis ZnO-Chromia BASF 1923 
CO/H2 to hydrocarbons Fe, Co Fischer and Tropsch 1923 
Fluid catalytic cracking Clays, zeolites Houdry 1936 
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The extent to which heterogeneous catalysis is used in the industrial production of chemicals 
has been cited to comprise 85% of all industrial catalytic processes [4, 7]. From the value 
quoted, it is evident that heterogeneous catalysis is favoured over homogeneous catalysis. This 
is attributed to the numerous advantages afforded by a catalyst in a separate phase, such as ease 
of separation of catalyst from products, recyclability, and plausible application in continuous 
processes [34]. 
1.1.1.1 Supported metal catalysts 
Most commercially applied heterogeneous catalysts consist of transition metals dispersed onto 
high surface area, porous carriers in the form of small, well divided particles. The high surface 
to volume ratio that results from the dispersion of the active phase into small particles results 
in a large number of active sites relative to metal mass. This reduces costs due to the rarity of 
some transition metals, such as those belonging to the platinum group metals [35-37].  
Furthermore, the dispersion of metals into small particles imparts them with properties that 
differ from those of the metals in bulk and equilibrium states. Firstly, the dispersion of metals 
onto the support results in the formation of small particles that can be within the nanometre 
size range. In some cases, this can lead to a change in the behaviour of the metal nanoparticles, 
compared to the unsupported metal catalyst [38, 39]. According to Che and Bennet [40], the 
reduction in size of a metal particle to the nanoparticle size range results in the loss of its 
metallic properties due to the separation of electronic levels (valence bands), preventing the 
passage of electrons from one band to another. This leaves smaller metallic particles with high 
electron densities, imparting them with unique catalytic properties [37, 38]. The division of 
metals into small nanoparticles leaves them thermodynamically unstable due to an increase in 
the chemical potential, thus leaving them susceptible to sintering [38, 41]. 
The main function of the support is to stabilise the small metal nanoparticles against sintering 
and mechanical damage [35, 42, 43]. The support stabilises metal nanoparticles through 
electron transfer between the metal and support, resulting in a decrease in the electron density 
of the supported metal catalyst. A strong metal-support interaction results in the formation of 
smaller, well dispersed particles on the support after hydrogen reduction [44, 45]. In addition 
to providing stability and dispersion, the support also has a significant influence on the 
properties of the resultant catalyst and may contribute significantly to the activity and 
selectivity under operating conditions [46].  The most commonly used supports are single 
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oxides with high melting points such as titania, silica, alumina, and zirconia [37, 47]. Figure 







Figure 1.2: Schematic representation of a metal particle deposited on a support material 
 
1.1.1.2 Catalyst preparation 
The preparation of supported metal catalysts has been well documented, and a number of 
studies aimed towards improving methods used for the preparation of highly active supported 
metal catalysts have been conducted [17, 18, 48]. A recent review by Munnik et al. [49] was 
dedicated towards recent developments in catalyst synthesis and focused mainly on the 
deposition of active phases onto the support, hence concentrating on deposition-precipitation 
and impregnation, while the preparation of bulk oxide materials by co-precipitation was briefly 
mentioned [49].        
Deposition-precipitation involves the mixing of a pre-formed support with a solution of the 
metal ion precursor. The support functions as a site of nucleation where the precursor metal 
ions will adsorb from solution. Precipitation onto the support is facilitated by the adjustment 
of pH in order to favour the formation of insoluble metal species, brought about by the addition 
of a basic solution to the support/precursor solution mixture [49]. Deposition-precipitation is 
the preferred method for the preparation of catalysts with metal weight loadings that are greater 
than 20% [17] and results in a catalyst with a highly uniform metal dispersion [50, 51].  
Impregnation is frequently used due to its simple execution, low waste streams, low cost, and 
versatility across a wide range of metals, precursors and supports. This technique is usually 
performed for metal weight loadings that are less than 20 % due to metal precursor solubility 
limitations. Wet impregnation involves the use of excess precursor solution (to the pore volume 
of the support being impregnated), while pore volume impregnation uses a volume of solution 
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that is equivalent to the pore volume of the support. Impregnation typically involves three steps, 
starting with contacting the precursor solution with the support, followed by removal of excess 
solution by drying, then calcination of the solid to produce an oxide form of the catalyst, which 
could undergo further treatment such as reduction, depending on the application [17, 18]. The 
main disadvantage of using wet impregnation is the difficulty in controlling the resulting metal 
particle size and spatial distribution of metal on the support [49, 52]. 
Recently, there has been an increase in the use of sonication to improve the particle size 
distribution and metal dispersion of catalysts during wet impregnation, a process known as 
sonic assisted wet impregnation. This method involves treating the slurry obtained during the 
contacting stage with sonic waves for an amount of time, ranging from minutes to an hour [53]. 
This has been extensively used in the preparation of nanoparticles and photocatalysts, with 
good catalytic activity reported for catalysts prepared with the aid of sonication [54]. 
1.1.2 Catalytic hydrogenation 
Catalytic hydrogenation is the addition of two hydrogen atoms to a double bond, usually 
promoted by a supported metal catalyst. Functional groups reduced using this method include, 
but are not limited to, alkenes, alkynes, carbonyl groups and amines [55, 56]. This is the most 
widely studied catalytic process as it finds application in the production of pharmaceuticals, 
fine chemicals, foodstuffs, and agrochemicals, which prompts the need for the development of 
cheaper and more effective catalysts. Hydrogenation is a surface reaction that proceeds via 
three principal steps, namely the adsorption of the substrates on the catalyst, catalytic reaction, 
and desorption of the products from the catalyst. However, the actual mechanism is much more 
complex [11]. The appropriate metal, as the active site, plays a crucial role since it functions to 
activate reactants through adsorption and dissociation of the reactants on the catalyst surface, 
which reduces the energy required for activation [7].  
The metal serves to dissociate hydrogen gas on the surface, which is an important step during 
the reaction [57, 58]. Hence, the ability of a metal to dissociate hydrogen is a crucial 
requirement and an important factor in the choice of catalyst. In addition, the adsorption of the 
reactants on the metal surface must be strong enough for reactant dissociation, and weak 
enough to allow desorption of products from the catalyst surface [59]. Catalytic hydrogenation 
reactions on heterogeneous catalysts follow Langmuir-Hinshelwood kinetics, where both 
reactants adsorb onto the surface of the catalyst, to be activated. The reaction then proceeds 
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through five steps, which is better explained using the hydrogenation of ethylene as a model 








Figure 1.3: Schematic presentation of the surface processes occurring during the hydrogenation 
of ethylene (reused with permission from reference  [7], Copyright © 2012, American 
Chemical Society) 
The first step of the reaction is the diffusion of reactants from the bulk, and physisorption of 
the reactants on the surface of the catalyst, followed by the formation of chemicals bonds 
between the substrate and the catalyst surface (chemisorption). This is followed by the 
formation of a surface bound intermediate, which is the ethyl intermediate in this case. The 
intermediates migrate across the catalyst surface and react with surface bound hydrogen to 
form the C-H bonds, followed by desorption of the products. The actual addition of hydrogen 
to the substrate is assumed to follow the Horiuti-Polanyi mechanism, where the hydrogen 
molecule is first dissociated on the surface of the catalyst prior to the addition of atomic 
hydrogen to the substrate [60, 61]. The mechanism assumes a stepwise addition of the surface 
hydrogen to the adsorbed olefin [62]. 
1.1.3 Carbonyl hydrogenation 
The hydrogenation of carbonyl groups to form alcohols is used for upgrading bulk chemicals 
into platform chemicals, and is especially useful during the synthesis of pharmaceuticals and 
upgrading of biomass derived feedstocks [63]. An example of this application is the 
hydrogenation of acetone for the production of isopropanol and other chemicals [64, 65], 
benzaldehyde for the production of benzyl alcohols [66-69], furfural [70, 71], aldehydes [72], 
carboxylic acids [31] and other bio-based feedstocks such as levulinic acid [73]. According to 
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Chen et al. [55], transition metals such as Pt, Pd, Rh, Ru, Ni, Cu and Co have been found to be 
effective in the hydrogenation of aldehydes, although Ni, Co and Cu are preferred for 
commercial applications due to their relatively low cost in relation to the more expensive 
platinum group metals. 
The hydrogenation of carbonyls involves the addition of hydrogen gas to the C=O bond, 
resulting in its reduction into an alcohol. Several studies have been conducted to understand 
the mechanism of oxygenate hydrogenation on the surface of metal catalysts, which is still 
largely disputed. The reaction follows Langmuir-Hinshelwood kinetics, which involves the 
adsorption of both reactants on the catalyst surface [58]. The adsorption of carbonyls on the 
metal surface can proceed via two configurations; either adsorption of the aldehyde on the 
metal surface with a single metal atom via the two lone pair electrons on the oxygen [η1(O) 
mode], or via adsorption whereby both carbon and oxygen of the carbonyl group adsorb on the 
surface metal atoms, forming a di-sigma complex [η2(-C,O) mode], as represented in Figure 
1.4  [72, 74]. Sinha and Neurock [75] report the preference of aldehydes to adsorb via the η2(-







Figure 1.4: Possible C=O group adsorption modes onto a metallic active site [72, 74, 75] 
The Horiuti-Polanyi mechanism is the universally accepted mechanism through which 
hydrogenation takes place [60, 61, 76]. However, the main dispute arises when it comes to the 
addition of the first hydrogen atom to the carbonyl group. The addition of hydrogen to the 
adsorbed carbonyl group occurs via either one of two pathways. The schematic representation 
shown in Figure 1.5 of the hydrogen addition to the C=O bond was adapted from Sitthisa et al. 
[74], proposed for the hydrogenation of furfural to furfuryl alcohol on the surface of a copper 




Figure 1.5: Possible intermediates during the hydrogenation of aldehydes [74] 
The first pathway is referred to as the hydroxyl mechanism, and involves the addition of a 
surface bound hydrogen atom to the adsorbed carbonyl oxygen atom, forming a hydroxyalkyl 
intermediate. The second route is the alkoxy mechanism, which involves addition of the surface 
bound hydrogen atom to the adsorbed carbonyl carbon atom, forming an alkoxy intermediate 
[75]. The addition of a second hydrogen to both these intermediates results in the formation of 
an alcohol [74, 75]. 
1.1.3.1 Current research in aldehyde hydrogenation 
The hydrogenation of α, β- unsaturated aldehydes to unsaturated alcohols is extensively studied 
and well documented in literature. The hydrogenation of aliphatic aldehydes to long chain 
alcohols has received correspondingly less attention [77-80]. The hydrogenation of unsaturated 
aldehydes is reviewed to gain further understanding of the properties of the catalyst systems 
used, in addition to the influence of various parameters on the activity and selectivity of the 
catalysts towards the activation of the C=O bond. According to a review article by Maeki-
Arvela et al. [37], metals selective for the reduction of the C=O bond belong to groups 8, 9 and 
10 of the periodic table, but their activity is greatly dependent on the supports used. 
The selectivity for the reduction of the C=O bond is reportedly influenced by the size of metal 
particles; whereby bigger particles are reportedly more selective towards the reduction of the 
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C=O bond. This is attributed to bigger particles having a higher electron density compared to 
their smaller counterparts, although this claim is still disputed by some [37]. Smaller particles, 
on the other hand, are selective towards the C=C bond reduction [81, 82]. 
The metal dispersion and particle size is influenced by the preparation method and the nature 
of the support. Supports that are traditionally used during hydrogenation of α, β-unsaturated 
aldehydes include alumina, silica, titania and carbon [37]. Titania is a reducible support and is 
not widely used due to its tendency to interact strongly with the supported metal, leading to the 
formation of small, irreducible metal particles on the support. On the other hand, conventional, 
irreducible supports such as alumina and silica are preferred due to their intermediate to low 
metal support interaction (MSI), which is sufficient for the formation of well dispersed 
reducible metal particles on the surface of the support. According to published studies on 
conventional supports, the metal-support interaction strength for a specific metal decreases in 
the order of TiO2 ˃ Al2O3 ˃ SiO2 [38, 69].  
Alternative supports have been investigated and include carbons [83], clays [84], and zeolites 
[85]. Thus, Kun et al. [84] conducted a study on the hydrogenation of crotonaldehyde over a 
clay supported Pt catalyst which was found to enhance the hydrogenation of the C=O functional 
group over C=C, resulting in an increase in the formation of the unsaturated alcohol. The 
presence of Lewis acid sites on the clay catalyst was reported to have enhanced the unsaturated 
alcohol selectivity. Proto et al. [86] have also investigated the use of Mayenite as a support for 
Pd in the hydrogenation of benzaldehyde, which performed better than a carbon supported Pd 
catalyst, and was more selective towards benzyl alcohol formation. 
1.1.3.2 Hydrogenation of saturated aldehydes to alcohols 
The industrial hydrogenation of aldehydes to primary alcohols for the production of detergents 
has been commercialised by Sasol, BASF, Shell and Evonik industries to name a few,  where 
aldehydes are first obtained from the hydroformylation of olefins [87-89]. Oxo-alcohols are 
used as surfactants, polymer plasticisers, solvents in the manufacture of fine chemicals, and as 
ester components. These alcohols are commercially produced through a two-step 
hydroformylation-hydrogenation process, with each process taking place in separate reactors, 
under different reaction conditions [90]. Hydroformylation makes use of homogeneous cobalt-
based catalysts, and produces the aldehyde. The resulting aldehyde leaves the product stream 
from the hydroformylation plant, and after distillation, is passed on to a hydrogenation reactor 
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with a heterogeneous catalyst typically based on coinage metals such as Cu or Ni, used as either 
single component or multi-metallic catalysts [90]. 
Aldehyde hydrogenation is usually carried out in the liquid phase, which allows for better 
temperature control through improved heat transfer, and enables the operations of the reactor 
under milder conditions compared to gas phase hydrogenation [64, 91-93].  The reactions are 
conducted at relatively low temperatures, between 90 °C and 180 °C, and high hydrogen 
pressures when catalysts based on Ni, Co, and Cu are used. A number of studies in the 
hydrogenation of long-chain aldehydes to alcohols exist, one of which includes a study by 
Valand et al. [94] that focused on the effects of using acidic Montmorillonite Clay K-10 as a 
support during the nickel catalysed hydrogenation of octanal to octanol, while Jeon et al. [95] 
have investigated the use of keiselghur supported nickel in the hydrogenation of a C9 aldehyde 
into a C9 alcohol.  
Most of these studies show the possibility of the successful hydrogenation of aldehydes using 
single component nickel catalysts, whereas catalysts used in industry have multiple metallic 
components and are traditionally dispersed on alumina or silica supports. Examples include a 
Cu/ZnO/Al2O3 catalyst used for the manufacture of butanol and 2-ethyl hexanol, while other 
formulations include Cu-Ni-Co-Mg/Al2O3, and sulphided Ni-Mo and Co-Mo on Al2O3 [95, 
96].  
Silica and alumina have different surface acidic properties and their interaction with the metal 
is variable, leading to different catalytic properties and activities. A study by Saadi et al. [69] 
compared the hydrogenation activity of nickel catalysts dispersed on silica and alumina for the 
gas phase hydrogenation of benzaldehyde. High catalytic activity was reported for the silica 
supported catalyst, which was attributed to more available nickel due to the formation of larger 
nickel particles on the support, compared to the alumina catalyst [69, 97].  
The surface acid/base functionalities of the support also influence the selectivity of the catalyst. 
Wang et al. [96] conducted a study on the reaction network of aldehydes on sulphided Ni-
Mo/Al2O3 catalysts. The primary products from aldehyde hydrogenation are the alcohol, which 
is catalysed by the metal, and heavy products formed over support Brønsted acid/base sites. 
The choice of solvent also affects the activity and selectivity during hydrogenation. 
Hydrogenation rates are typically higher in polar solvents such as alcohols, compared to non-
polar solvents [92, 93].  However, the reason has not been sufficiently established, as it does 
not have to do with hydrogen solubility in the solvent [98].  
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From the studies reviewed, the performance of a catalyst during aldehyde hydrogenation is 
dependent on the choice of metal, support, reaction conditions and solvent used, as well as the 
preparation method of the catalyst. The evaluation of the prepared catalyst is an integral part 
of catalyst design in order to gauge the activity and selectivity, as well as to establish optimal 
operating conditions. Catalytic evaluations are typically performed as either batch or 
continuous processes, which usually presents the need for a catalytic reactor. 
1.1.3.3 Catalytic reactor systems in hydrogenation 
The production of fine and bulk chemicals involves the use of either batch or continuous reactor 
systems, depending on the scale of production. Catalytic reactors are suitable for both gas and 
liquid phase processes, whereas the liquid phase hydrogenation of aldehydes is usually carried 
out in a continuous mode of operation using fixed bed reactors. This is preferred for large scale 
chemical production due to the ease of handling of large volumes of reactants, greater 
automation, and fewer required start-ups and shut downs, which improves process efficiency 
[99]. Continuous reactors can be operated with a fluidised bed, where the catalyst particles are 










Figure 1.6: Schematic representation of a commercial fixed bed reactor [101]  
Fixed bed reactors are preferred for hydrogenation processes due to low physical loss of 
expensive catalyst, and the possibilities of operation under high temperatures and pressures 
[101]. The hydrogenation reactions for this present study are carried out in a continuous flow, 
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fixed bed down flow reactor, whereby the liquid feed and hydrogen gas are fed concurrently. 
The full schematic of the reactor set up used for this study is presented in Chapter 3. 
1.1.4 Catalyst deactivation 
Heterogeneous catalysis remains a powerful tool for chemical transformations and in the race 
towards sustainable energy sources. Hence, a lot of research efforts have been directed towards 
the fundamental principles of catalyst synthesis and improvement of existing catalysts through 
the formulation of more active, selective and robust systems [102]. However, heterogeneous 
catalysts do not maintain their activity and selectivity indefinitely, as they tend to lose their 
activity with time, a process termed deactivation. 
Formally, catalyst deactivation refers to the loss of catalytic activity and selectivity over time 
[103-105]. Although inevitable, the rate and extent of deactivation varies with different 
processes, ranging from seconds, in the case of fluid catalytic cracking reactions, up to several 
years for hydrogenation and ammonia synthesis catalysts [106-108]. The loss of activity results 
in a decrease in the productivity of a chemical process, adversely affecting the efficiency in 
utilization of chemical feedstocks, as the yield of the desired product is greatly reduced [108]. 
The decrease in product selectivity results in increased environmental costs for the disposal of 
larger volumes of by-product wastes [109]. In addition, the loss of activity leads to process shut 
downs to enable discharge of the inactive catalyst from the reactor, and subsequent loading of 
the new catalyst [109]. According to Bartholomew, the costs incurred by process shutdowns 
and catalyst replacement can amount to billions of dollars annually [104], notwithstanding 
costs associated with loss of production.  
After discharge, two choices exist for the deactivated catalyst, either regeneration or disposal. 
Disposal of the spent catalyst presents a number of challenges; one being the stringent 
environmental laws governing the handling and proper containment of industrial wastes, and 
the public perception of chemical industries. In addition, prior to disposal, spent catalysts 
require specific treatments to comply with environmental legislations that are in place. This 
makes disposal expensive, since it also involves the loss of valuable metal components, leading 
to renewed interest in the study of catalyst deactivation [110].  
The adverse economic and environmental effects of catalyst deactivation warrant an in-depth 
study into deactivation, as well as regeneration of supported metal catalysts. According to 
Argyle and Bartholomew [111], the topic has experienced a resurgence during the past three 
decades. Considerable effort has been directed towards the development of more stable 
14 
 
catalytic systems, with the view towards developing catalysts that are resistant to deactivation. 
An understanding of the catalyst and the process is first required to address the issue of 
deactivation, and investigate the possible avenues for regeneration.  
This is especially relevant in the hydrogenation of aldehydes to alcohols, since process upsets 
resulting in the poor separation of the aldehyde product from the hydroformylation product 
stream potentially lead to contamination of the aldehyde feed with phosphine ligand. This 
would lead to the deactivation of the supported hydrogenation catalyst by phosphorus, which 
is a known catalyst poison.  As such, this study aims to contribute to the existing body of 
knowledge by developing a feasible technique for the regeneration of a phosphorus poisoned 
hydrogenation catalyst. The deactivation of supported metal catalysts is discussed in depth in 
Chapter two, as shown in the outline, Section 1.2.  
1.2 Outline 
In Chapter two, the modes of catalyst deactivation are reviewed, such as poisoning, sintering, 
fouling and leaching while the possible regeneration techniques are also outlined. In Chapter 
three, the synthesis and characterisation methods for the present study are outlined, while 
Chapter four provides an in-depth discussion of the characteristics of the prepared catalysts. 
In Chapter five, the time on stream activity results of the prepared catalysts are presented and 
discussed for the hydrogenation of octanal in the presence and absence of poison in the feed. 
The results for both the alumina and silica supported catalytic systems are compared. The 
results obtained from the characterisation of the used catalysts are also presented and discussed. 
Finally, a summary and conclusion are provided in Chapter six. 
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Chapter 2: Review of catalyst deactivation  
2.1 Catalyst deactivation 
Catalyst deactivation mainly occurs via chemical, physical and thermal processes, which are 
further classified into several mechanisms that vary amongst gas or liquid phase processes. 
Most reviews that have been published cover the deactivation of catalysts applied for high 
temperature gas phase catalytic processes [1-3]. The current literature available is limited as it 
does not provide much information on liquid phase systems [4, 5]. 
2.2 Deactivation mechanisms 
Modes of catalyst deactivation are subdivided into several mechanisms, which are presented in 
Table 2.1 [1, 2, 4, 6, 7]. Understanding the different deactivation mechanisms is of pivotal 
importance for the prevention and reversal of the deactivation process. Since catalysis is a 
kinetic phenomenon, the deactivation of catalysts leads to lower rates of reaction and, hence, 
reduced process efficiency. 
Table 2.1: Mechanisms and types of catalyst deactivation [1, 2, 4, 6, 7]  
 
To address problems caused by the deactivation of catalysts and to attempt to either prevent or 
remedy the issue of deactivation, an understanding of how this phenomenon occurs is 
imperative. A review by Bartholomew [1] addressed the mechanistic aspects of catalyst 
Mechanism Type Description 
Poisoning Chemical  Strong chemisorption of contaminant species on 
catalytically active sites, prevent reactant adsorption 
Fouling Physical Deposition of species from reaction medium onto 
catalyst pores, results in pore blockage 
Thermal 
Degradation 
Thermal Thermally induced loss of catalytically active sites 
through a decrease in metal dispersion, formation of 
larger metal crystallites, or solid transformations 
Leaching Chemical Dissolution of active phase into the reaction medium 




deactivation as presented in Table 2.1, while Forzatti and Lietti [7] attempted to give a 
mathematical description of the effects of deactivation on the kinetics of the catalytic process. 
Abdelrahman et al. [5] and Sadaba et al. [4] have also made contributions through studies based 
on the leaching of solid catalysts in liquid phase reactions [4, 5]. In addition, these reviews 
aimed to provide methods to delay catalyst deactivation and improve efficiency in an attempt 
at prolonging the lifetime of the catalysts.  
This chapter focuses on mechanisms that occur in liquid phase processes, which include 
poisoning, leaching, sintering and fouling.  Vapour-solid/solid-solid transformations are 
applicable to high temperature processes, and so will not be discussed further, as the present 
study concerns low temperature, liquid phase hydrogenation reactions. 
2.2.1 Poisoning 
The “poisoning” of a catalyst results from the strong adsorption of a catalyst poison onto the 
catalytically active site, causing a loss of activity by decreasing the catalytically active surface 
area. The loss of catalytically active sites usually leads to a gradual deactivation of the catalyst. 
The extent of deactivation of a catalyst by poisoning is determined by the nature of the 
interaction of the poison with the catalytic surface, consequently affecting both activity and 
selectivity of the catalyst [8]. Catalyst poisons are usually present as feed contaminants at very 
low concentrations [9]. Poisons tend to interact very strongly with metals, whereas a separate 
term applies for reactants that are too slow to diffuse from the catalyst surface. These species 
are reversibly adsorbed and thus have temporary effects on the overall activity of the catalysts. 
They are therefore referred to as inhibitors [4, 7, 10].  
The property that lends supported transition metal catalysts their activity is the availability of 
the metal’s d-orbitals for reactant adsorption. During hydrogenation reactions, the reactant 
molecules adsorb onto the catalytically active site and subsequently dissociate. The dissociated 
reactants undergo surface migration to react with other dissociated molecules and form 
products, which then desorb from the active site and diffuse away from the catalyst surface to 
the bulk reactant phase. Poisons, however, form stable bonds with the active sites, a process 
that is irreversible as they do not desorb. Instead, they form strong coordinative bonds with the 
active metal [11].  
Hagen [11] classifies catalyst poisons into three groups, consisting of non-metallic ions, metal 
ions, and unsaturated molecules. Forzatti and Lietti [7] further expand on this classification by 
specifying groups 15 and 16 elements of the periodic table as the most potent poisons for metal-
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based catalysts incorporating Fe, Ni, Co, Pt, etc. The poisons reportedly chemisorb onto the 
surface atoms of these metals, which are catalytically active for chemical transformations. 
Chemisorption takes place via the lone pairs residing on the p-orbitals of these poisons. For a 
chemical species to be classified as a potential poison, it must have either one of the following 
properties, i.e. the molecule/atom must have unoccupied orbitals/unshared electrons or 
multiple bonds (such as olefins). Common catalyst poisons are listed in Table 2.2 [2, 11].  
Table 2.2: Common poison species for supported metal catalysts 
 
The extent of catalyst poisoning is dependent on the nature of the poisoning species, while the 
sensitivity of the catalyst to the poison mainly depends on the number of catalytically active 
Chemical type Poison example Mode of action Metals 
affected 
Process 
Groups 15 and 
16 
N, P, As, Sb, O, 
S, Se, Te 
Strong 
chemisorption 
through s and p 
orbitals 










F, Cl, Br, I Strong 
chemisorption 










metals and ions 
As, Pb, Hg, Bi, 
Sn, Cd, Fe 
Occupation of d-
orbital and alloy 
formation 















bonds and back 
bonding 
Ag Ethylene oxidation 
to ethylene oxide 
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sites, the strength of chemisorption of the poison, and how effective the poison is towards the 
inhibition of the catalytic activity [12].  
The effects of a poison species may be reversible or irreversible. In other words, the poison 
may be either transient, semi-transient, or permanent. A transient poison can be displaced, 
which enables catalyst recovery. A semi-transient poison has irreversible effects at reaction 
conditions, but can be reversed by changing the reaction conditions. This enables catalyst 
regeneration. A permanently poisoned catalyst cannot be regenerated [13]. An example of 
semi-transient poisoning applies in the deactivation of steam reforming catalysts by adsorbed 
sulphur that can be removed at high temperatures by hydrogenation with steam, making the 
regeneration of the catalyst possible [11].  
Poisons may also tend to be selective or non-selective. Selective poisons preferentially 
deactivate the most active site [14], while non-selective poisons interact with all active sites, 
regardless of their nature. For non-selective poisons, the activity of the catalyst declines linearly 
with the amount of adsorbed poison [8]. An example of selective poisoning is the modification 
of Pt-Re/Al2O3 reforming catalysts through sulphur poisoning in order to limit the catalysts 
high hydrocracking activity [7]. Sulphur selectively deactivates catalytic sites that are highly 
active for hydrocracking, thus limiting activity [1, 2]. 
Due to their strong chemisorption onto active sites, poisons tend to accumulate on the catalyst 
surface, and are therefore highly effective even at very low concentrations [7]. The poisoning 
of a catalyst proceeds via three stages, initiated by the adsorption of the poison onto the catalyst 
surface. Poisonous species compete with reactants for adsorption onto the active site, 
diminishing the number of sites available for catalytic reactions to occur. The second stage is 
the surface reconstruction of the catalyst induced by the poison, and the third stage is the 
reaction of the catalyst with the poison to form ”metal-poison compounds” [8]. Bartholomew 
further expanded on this model by proposing a five-fold poisoning mechanism based on the 
action of the sulphur atom as it poisons an active site of a nickel ethylene hydrogenation catalyst 
[15]. This model pertains to poisoning of the catalytic surface, but does not address poisoning 




2.2.1.1 The sulphur poisoning model  
Sulphur is the most widely reviewed catalyst poisoning agent because it deactivates catalysts 
across a wide range of applications, such as catalytic reforming, hydrogenation, catalytic 
cracking, methanol synthesis, etc., as most feed stocks contain traces of sulphur impurities [13, 
16]. In fact, almost all catalyst deactivation reviews that include poisoning address deactivation 
by sulphur poisoning, hence, the choice of using sulphur to explain the action of a poison, and 
its overall effects on the catalyst that lead to deactivation.   
Initially, the poison (in this case, sulphur) competes with the reactants for adsorption onto the 
active site. The poison induces both geometric (physical) and electronic changes on the active 
site [17, 18]. For instance, the poison physically blocks the site, preventing any reactants from 
adsorbing onto the occupied site. A further assumption is that the poison only blocks a certain 
number of active sites. However, it has been noted in practice that the chemical interaction 
between the poison and metal induces electronic effects on adjacent active sites, resulting in 
the effects of the poison having a wider radius than the expected geometric proportions of the 
poison itself. The electronic effects, also referred to as ligand effects, are induced by the long-
range depletion of surface electrons by the poison, which depletes the number of electrons 
available for bonding with a reactant [19-21].  
In short, a poison physically blocks an active site in three dimensions, and electronically 
modifies neighbouring atoms such that their ability to adsorb and dissociate oncoming reactants 
is diminished [2, 8, 22]. Additionally, the poison may inhibit the surface mobility of dissociated 
reactants, preventing surface reactions that follow the Langmuir-Hinshelwood type surface 
reaction mechanism and, hence, the formation of reaction products [2]. 
2.2.1.2 Poisoning at the catalyst pellet and catalyst bed 
The catalyst pellet undergoes poisoning via two possible mechanisms, either through a uniform 
mode or by a shell progressive mode. During uniform poisoning, all active sites are deactivated 
uniformly throughout the pellet, whilst for shell progressive poisoning, the active sites are 
deactivated from the outside of the pellet to the inside. The shell progressive model, also 
referred to as pore mouth poisoning, was proposed based on the assumption that strongly 
adsorbed poisons accumulate at the exterior of the porous catalyst pellet, with the amount of 
adsorbed poison diminishing further into the catalyst pores. This supposedly results in the pore 
having two zones; a zone that is saturated with poison and is effectively deactivated, whilst the 
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second zone remains un-poisoned [7], although the poison front moves towards the pore 
interior with time [23]. 
During uniform catalyst poisoning, the poison is evenly distributed throughout the catalyst 
pellet [7, 9]. This is usually ascribed to non-selective poisons with low affinities for active sites 
[7, 9]. In practice, deactivation by poisoning is an average of these two models. For a shell-
progressive model, the rate of reaction declines rapidly for internal mass transfer controlled 
processes, while the decline in activity of a uniformly poisoned catalyst is not as rapid under 
mass transfer control [7, 9]. On the reactor scale, the adsorption of the poison on the catalyst 
bed is non-uniform. The poison concentration decreases as the poison travels down the catalyst 
bed, meaning that deactivation is more pronounced at the top of the catalyst bed and least 
pronounced at the bottom [2, 6]. 
2.2.1.3 Phosphorous poisoning 
Reduced phosphorous species are known to be site-blocking catalyst poisons that are highly 
effective even at low concentrations, usually encountered in methanol synthesis reactions, 
natural gas oxidation catalysts, hydrodesulphurization catalysts and automotive catalysts [24-
28]. Phosphorous is a non-selective poison that indiscriminately targets both the support as 
well as the metallic active sites by forming coordinative bonds with the metal via its lone pair 
of electrons, and bonds to the Brønsted and Lewis sites on the support [29]. This has been 
observed in the case of automotive catalysts, where phosphates from engine oil additives form 
bonds with the metal, occlude catalyst pores, and further react with the alumina support to form 
AlPO4, which is acidic [24]. 
Phosphorus is an electronegative element with a lone pair of electrons, and uses these electrons 
to coordinate to a vacant d-orbital of a metal. The accompanying pi back-donation of electrons 
from the metal to the phosphorus results in a bond that is highly covalent in nature [30, 31]. 
According to Chandrasekaran et al. [32], the metal-phosphorus bond is predominantly metallic, 
and therefore fairly strong.  Phosphorus induces both electronic and geometric effects on the 
catalyst, which affect the adsorption and dissociation of reactants [33]. According to Kiskinova 
and Goodman [34], the adsorption of phosphorus on a nickel catalyst decreases the hydrogen 
uptake of the catalyst. The hydrogen may also instead adsorb on phosphorus, hindering the 
surface activation of hydrogen by the catalyst [34]. A conceptual model of the adsorption of 
phosphorus on nickel is presented in Figure 2.1, showing the association of phosphorus with 




Figure 2.1: Conceptual model of the adsorption of phosphorus onto nickel [35]. 
The model agrees with the report made by Goodman [36], which states that the number of 
nickel atoms that can be affected by a single phosphorus atom, is four. Due to its lower 
electronegativity, the effect of phosphorus has a smaller radius compared to sulphur, since the 
long range electronic effects of sulphur extend to a much wider atomic radius of up to ten 
neighbouring nickel atoms [36]. 
The effects of phosphorus on a catalyst are not only electronic, but also physical and chemical. 
Quinn et al. [37] evaluated phosphine (PH3) as one of the contaminants affecting the 
performance of a commercially available Cu/Zn/Al2O3 catalyst for methanol synthesis. 
Phosphine was found to be a potent catalyst poison that resulted in a drop in the reaction rate 
constant, and was found to have accumulated on the catalyst surface, which was attributed to 
phosphine having reacted with metallic copper to form a Cu3P species under reducing 
conditions [37]. The formation of metal-phosphorus compounds has been observed in an 
unrelated study, where a Ni/YSZ (yttria stabilised zirconia) based solid oxide fuel cell electrode 
was exposed to phosphine gas. The authors reported the formation of a nickel phosphide phase, 
in addition to phosphorus induced migration of nickel, resulting in the formation of nickel-
phosphide agglomerates [38]. Phosphorus also reacts with catalyst support materials such as 
alumina, forming an acidic AlPO4, or ceria, forming cerium phosphate [24, 39-41]. 
2.2.1.4 Poisoning of hydrogenation catalysts 
The poisoning of liquid phase hydrogenation catalysts by strongly adsorbed heteroatom 
containing molecules has been cited as one of the contributing factors in the deactivation of 
liquid phase catalysts. According to Besson and Gallezot [42], the leading cause through which 
these molecules deactivate liquid phase catalysts is through their accumulation on the catalyst 
surface, in addition to their effectiveness at low concentrations. The adsorption of these 
poisoning species is irreversible under liquid phase hydrogenation conditions, since the 
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processes occur at temperatures not sufficiently high to facilitate desorption of these species. 
The accumulation of the catalyst poison results in a steady increase in deactivation with time 
and, hence, a decrease in the catalytic activity. 
Sulphur is the most extensively studied poison for hydrogenation catalysts, and has been 
covered in several reviews [1, 7, 25, 42], as well as in significant volumes of published studies 
[43-45]. Some studies have involved the comparison of different supports to gauge their effects 
in the stability of a catalyst towards sulphur poisoning. Thus, a study by Pinna et al. [45] 
compared the stability of 5 wt.% palladium catalysts on alumina, silica and carbon against 
sulphur poisoning during the hydrogenation of benzaldehyde. An overall decrease in the 
hydrogenation activity was reported across all supports, with the carbon supported catalyst 
being most significantly deactivated. The poisoning of the Pd/C catalyst also led to an 
improvement in the selectivity towards benzyl alcohol, the desired product. 
The effects of phosphorus poisoning have been discussed in studies on the deactivation of 
catalysts used for the hydrogenation of natural fats and oils to fatty alcohols. A study by Huang 
et al. [46] details the deactivation of a Cu/Zn catalyst used for the hydrogenation of dodecyl 
methyl ester to dodecanol. The main aim of the study was to observe the effects of an increase 
in trimethyl phosphate concentration from zero to 1.0 mmol per gram of catalyst on the 
hydrogenation activity and selectivity of a Cu/Zn catalyst prepared by co-precipitation. An 
increase in the contaminant concentration resulted in an overall decrease of the activity and 
selectivity. The addition of 1.0 mmol of trimethyl phosphate per gram of catalyst resulted in 
complete deactivation, with no observable conversion of the feed. The used and deactivated 
catalyst samples were extensively characterised to observe the effects of the poison on the 
physicochemical properties of the catalyst itself, and the impact of increasing the contaminant 
concentration. The results obtained from XPS confirmed the presence of phosphorous on the 
surface of the deactivated catalysts. Furthermore, the BET surface area of the catalysts was 
found to decrease with increasing trimethyl phosphate concentration. From BET results, the 
authors argued that the increase in adsorbed trimethyl phosphate resulted in the blockage of 
smaller pores, thereby leading to a decrease in the BET surface area. From the concluding 
remarks, it can be assumed that the authors attributed the deactivation of the Cu/Zn catalyst on 
the physical adsorption of trimethyl phosphate [46]. 
Aldehyde hydrogenation catalysts are known to deactivate through phosphorus poisoning, 
although not a lot of reports exist in the open literature addressing this problem. Instead, 
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representative studies involving liquid phase hydrogenation and catalyst deactivation through 
poisoning by phosphorous and sulphur have been reviewed, to gain insight into the effects of 
phosphorous on the overall activity and physicochemical properties of the catalysts used in 
these studies. A study by Maeki-Arvela et al. [47] details the deactivation of Pd/C catalysts in 
the hydrogenation of β – sitosterol to β-sitostanol. The catalysts underwent deactivation by 
phosphorous and sulphur poisons contained in the feed, resulting in a decrease in the 
conversion of β-sitosterol.  
McCue et al. [13] studied the interaction between phosphorus and a palladium catalyst for the 
selective hydrogenation of acetylene. CO chemisorption results confirmed the adsorption of 
triphenylphosphine (PPh3) onto metal crystallites on the catalyst surface, since the metallic 
surface area was lowered for PPh3 modified catalysts, compared to the blank Pd/TiO2 sample. 
In addition, the metallic surface area decreased with an increasing molar ratio of the ligand. 
The decrease in metallic surface area was attributed to the direct adsorption of a fraction of the 
added ligand onto the metal surface, while some of the ligand was suspected to have adsorbed 
onto the support. 
The FTIR results indicated an increase in CO adsorbed in the bridge mode in comparison to 
species adsorbed in the linear mode, with the addition of PPh3. The authors attributed this to a 
loss of 3-fold hollow active sites, leading to a suggestion that the ligand blocks sites associated 
with CO adsorption due to the bulky nature of PPh3. The susceptibility of the ligand towards 
decomposition was monitored by thermogravimetric analysis coupled with mass spectrometry. 
The ligand was found to remain intact even at temperatures as high as 600 Kelvins (327 °C), 
since no fragments attributed to its decomposition were detected by mass spectrometry [13].  
2.2.2. Leaching 
Leaching is the loss of active sites through dissolution of the catalytically active phase into the 
reaction medium, and can be encountered in reactions performed in the liquid and gas phase 
[48]. This is cited as the main cause of deactivation for reactions in the liquid phase [5, 42, 49]. 
It is defined as the formation of a new phase that is soluble in the reaction medium from an 
insoluble solid phase, and is influenced by pH [4, 16, 50]. Sadabà et al. [4] reported two main 
mechanisms through which leaching occurs. The first mechanism involves the direct 
solubilisation of metal oxides, hydroxides and carbonates into the reaction medium due to a 
slight solubility in the solvent used for the reaction, e.g. water. 
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According to the second mechanism, leaching occurs as a form of extraction, where the solvent 
reacts with the components of the solid catalyst, forming soluble species that dissolve within 
the reaction medium. This is mainly observed in reactions occurring in the presence of acidic 
or basic solutions. This model is modified in the case of organic solvents. Polar solvents and 
organic compounds containing oxygen, nitrogen or sulphur functionalities act as chelating 
agents that form complexes with supported metals, resulting in soluble complexes that are 
dissolved in the liquid medium [51]. These compounds reportedly have effective extraction 
capabilities [4, 51]. Leaching by extraction occurs via the mechanism illustrated in Figure 2.2 
[16]. 
Leaching has been widely encountered in the conversion of biomass to value added products 
[4, 52, 53]. Hengne and Rode [53] conducted a study on the hydrogenation of levulinic acid 
and its esters into γ-valerolactone using Cu-ZrO2 and Cu-Al2O3 composite catalysts in water 
and methanol.  Leaching was observed for the Cu-Al2O3 catalysts in both water and methanol, 
with more leaching observed in water. The Cu-ZrO2 catalyst fared better in water, whilst no 
leaching was observed in methanol. Leaching was attributed to the complexation of copper 
with levulinic acid to form a soluble metal carboxylate that resulted in a blue solution.  
 
Figure 2.2: Leaching of metal active site through chelation by solvent molecules (redrawn with 
permission from reference [16], Copyright © 2001 Elsevier) 
The leaching of metal catalysts has been observed during liquid phase hydrogenation of 
hydrocarbons [54]. Panpranot et al. [55-58] have extensively studied the leaching of Pd 
supported catalysts used in liquid phase hydrogenation reactions. From one of their studies, the 
leaching of silica supported palladium was established to be one of the contributing factors in 
the deactivation of the catalyst during a liquid phase hydrogenation of hexene in ethanol [58].  
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2.2.3 Fouling (coking and carbon deposition) 
Fouling is defined as the physical deposition of species from the fluid phase onto the catalyst 
surface, resulting in the decline of catalytic activity through the physical blockage of the 
catalyst’s active sites or pores. This may also lead to the disintegration of catalyst particles, and 
effectively reduces the surface area of the catalyst. According to Argyle and Bartholomew [2], 
fouling refers to both carbon deposition and coking, which originate from different sources. 
Carbon is defined as originating from the disproportionation of CO, whilst coke is produced 
from the decomposition or condensation of hydrocarbons on the catalyst surface [1, 7].  
Coke has different forms that vary from polymeric species to graphitic form, forming from side 
reactions occurring during the catalytic processing of hydrocarbons. These side reactions 
mainly take place on acidic sites of the catalysts, and involve polymerization or condensation 
of hydrocarbons into heavy, unsaturated by-products that remain deposited on the catalyst 
surface as carbonaceous residues [59-61]. At high temperatures, the heavy, polymeric by-
product species may be dehydrogenated to carbon, resulting in the formation of what is referred 
to as coke. Aromatic and unsaturated hydrocarbons are commonly reported coke precursors, 
and may either form as by-products or are introduced in the reaction feed [7]. In essence, the 
polymeric residues act as coke precursors, and may chemisorb onto the active sites of the 
catalyst [1].  
A review by Bartholomew [1] states two kinds of reactions, namely coke sensitive and coke 
insensitive. For coke sensitive reactions, coke is deposited onto the catalytically active sites, 
resulting in activity decline over time, whilst for coke insensitive reactions, coke precursors 
deposited on the catalyst are removed by hydrogen or other gasifying agents such as H2O and 
O2 [1]. As such, reactions that are coke sensitive are those that utilize acidic catalysts and 
operate in a hydrogen deficient environment [1, 16]. According to various sources, catalytic 
cracking, hydro-desulphurization, and steam reforming catalytic processes are most prone to 
coking, although the most coke sensitive process is petroleum reforming through catalytic 
cracking.  
Bartholomew [1] provided an illustration, adapted in Figure 2.3, that shows the effects of 
fouling on supported metal catalysts. It was reported that the carbon may block access of 
reactants to active sites by either forming physical multi-layers on the catalyst, or by strongly 
chemisorbing onto the surface. Alternatively, the carbonaceous deposits may encapsulate the 
metal particles, resulting in complete deactivation of the active site, or physically plug 
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micropores and mesopores, which prevents the diffusion of reactants to pore active sites [1]. 
The deposition of coke in catalyst pores results in a decrease in the catalyst’s surface area, 
which significantly affects mass transfer controlled reactions. The accumulation of coke within 
catalyst pores decreases their effective diameter, resulting in increased diffusion resistance of 
reactants and products in and out of the catalyst pores [7].  
Liquid phase reactions usually occur at lower temperatures compared to gas phase reactions, 
but are also affected by fouling, especially over acidic catalysts, through the formation of by-
products [59, 62, 63]. Hence, it is to be expected that fouling would be listed as one of the 
contributing factors towards the deactivation of liquid phase hydrogenation catalysts. A review 
by Besson and Gallezot [42] focuses on deactivation by leaching, poisoning and metal 
oxidation. However, the deposition of oligomeric species on supported metal catalysts was 
briefly mentioned in relation to the oxidation of 3-hydroxypropanal. Fouling of hydrogenation 
catalysts is only mentioned in the case of deposition of inactive metals brought about by 
corrosion of reactor components. 
 
Figure 2.3: Conceptual model depicting the crystal encapsulation and pore plugging of a 
supported metal catalyst by carbonaceous deposits [1, 16] (redrawn with permission from 
reference [16], Copyright © 2001 Elsevier) 
Despite a lack of reports addressing fouling of liquid phase hydrogenation catalysts, a study by 
Maeki-Arvela et al. [47] found that it may play a minor role in the deactivation of liquid phase 
hydrogenation catalysts. The study entailed the deactivation of palladium catalysts supported 
on mesoporous and microporous carbon, during the hydrogenation of β – sitosterol to β - 
sitostanol. Catalyst deactivation was attributed to both fouling and poisoning of the catalyst by 
sulphur and phosphorous contaminants.  However, there was a significant decrease in the 




Sintering is defined as the growth of metal crystallites, and occurs for both supported and 
unsupported catalysts [15]. Catalysts are supported to achieve a high degree of dispersion, 
which is proportional to the number of catalytically active sites. High metal dispersion results 
in a higher metallic surface area and, hence, a greater number of exposed active sites on the 
catalyst carrier. Sintering causes the aggregation of small crystallites into bigger particles [64]. 
This results in an overall decrease of the metal dispersion and metallic surface area [7, 65]. 
Reviews by Argyle and Bartholomew [2] and Bartholomew [1] attribute crystallite growth by 
sintering to three mechanisms, namely (a) crystallite migration, (b) atomic migration and (c) 
vapour transport, which is  reported to occur at high temperatures and applies to vapour phase 
catalytic reactions. Reviews by Moulijn et al. [16], Forzatti and Lietti [7] only mention 
crystallite migration and atomic migration. The crystallite migration model depicts sintering as 
occurring through the diffusion of metal crystallites along the support surface.  The migrating 
crystallites collide and coalesce into a larger crystallite. 
 Atomic migration, also referred to as Ostwald ripening, attributes sintering through the escape 
of atoms from a metal crystallite.  Atoms escape from small crystallites, and diffuse across the 
surface of the support. The atoms collide with, and are captured by, larger crystallites, which 
leads to the formation of larger particles [1, 66, 67]. Since the formation of larger crystallites 
is favoured due to their stability in comparison to smaller ones, the larger crystallites are formed 
at the expense of the smaller ones. The actual process may involve all the mechanisms 
occurring in conjunction with each other [1]. Figure 2.4 depicts the growth of a metal particle 
due to sintering, taken from [1]. 
 
Figure 2.4: Sintering of a metal particle by both atomic migration and crystallite migration [1] 
(redrawn with permission from reference [1], Copyright © 2001 Elsevier) 
The relationship between sintering and temperature can be understood in relation to the melting 
point of the metal. For instance, the mobility of atoms increases closer to the melting point, 
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which leads to faster solid state diffusion [16]. In order to approximate the temperature at which 
sintering occurs, Tamman and Hüttig temperatures are used, and these are directly related to 
the melting temperature of the metal according to a fractional approximation represented by 
the following semi-empirical expressions [16]; 
THüttig = 0.3Tmelting 
TTamman = 0.5Tmelting 
When the Hüttig temperature is reached, atoms located at crystal defect sites become 
increasingly mobile and diffuse on the surface, while bulk atoms become mobile when the 
Tamman temperature is reached [68]. At the melting temperature, the mobility is sufficiently 
high, such that the atoms start exhibiting liquid-phase behaviour. As such, sintering rates for 
metals and metal oxides start being significant above the Hüttig temperature, and are very high 
near the Tamman temperature [2]. Another factor to take into consideration when estimating 
the temperature at which solids become mobile is the size and morphology of the metal 
crystallites. For small particles, the temperature at which mobility occurs may be lower than 
that indicated by the Tamman and Hüttig temperatures [16]. 
Sintering is also dependent on the environment in which the catalyst is being operated. For 
instance, it is more prevalent under oxidizing conditions, compared to reducing conditions [1]. 
The physicochemical properties of a metal also influence how susceptible the metal crystallites 
are to sinter. The stability of a metal crystallite against sintering decreases with a decreasing 
melting point, in the order; Ru > Ir >Rh > Pt > Pd > Ni > Cu > Ag [1]. The relationship between 
the metal and support may also play a role, with a stronger metal-support interaction resulting 
in an added stability towards sintering [69]. However, if the metal-support interaction is too 
great, it decreases the availability of active sites through the formation of a metal-support 
compound via solid state transformation [7]. 
Solid state transformation is an extreme form of sintering which involves the change of a 
crystalline phase into an inactive phase [7]. An example of phase transformation is the 
incorporation of nickel supported on γ-Al2O3 into the support. This is induced at high 
temperatures and results in the formation of a nickel-aluminate spinel, and is brought about by 
a strong interaction between the small, finely divided nickel particles and the support. This 
decreases the number of catalytically active sites, as the amount of active nickel is lowered [7]. 
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Sintering is also observed for liquid phase hydrogenation reactions at lower temperatures, 
which is driven by atomic migration rather than temperature induced migration, as reported in 
high temperature gas phase systems [7]. The migration of atoms during liquid phase reactions 
is facilitated through the extraction of atoms from metal crystallites by chelating molecules 
which contain heteroatoms such as compounds with oxygen, sulphur, or nitrogen 
functionalities and organic acids which transport these atoms to bigger crystallites [42, 64, 70]. 
Triphenylphosphine has also been observed to induce sintering through Ostwald ripening [38, 
71-73]. 
Smejkal et al. [74] have shown the occurrence of sintering at lower temperatures, although 
sintering has been previously reported for high temperature processes [67, 74]. During the 
study, extensive sintering was observed for a Pd-Au/SiO2 catalyst used in the production of the 
vinyl acetate monomer. Although the reaction was carried out in the gas phase, it was done at 
relatively low temperatures, in the range of 150 to 190 °C. The most surprising outcome of this 
study was that sintering was more severe at lower temperatures (155 °C) compared to higher 
temperatures, as particle agglomeration was more pronounced [74].   
A study by Panpranot et al. [56] showed, during the hydrogenation of 1-hexene in ethanol over 
0.5 wt.% palladium catalysts supported on amorphous silica and MCM-41, that there was 
significant sintering of the catalysts despite the mild reaction conditions. This was shown by 
results obtained from chemisorption, transmission electron microscopy and X-ray diffraction 
analyses. 
2.3 Post reaction Characterisation 
The deactivation of catalysts not only affect their activity and selectivity, but also leads to the 
modification of physical characteristics and surface compositions. Fouling specifically affects 
the porosity of the catalyst and support, leaching results in a change in the catalyst composition, 
poisoning diminishes the number of catalytically active sites, whilst sintering affects metal 
dispersion. Therefore, the characterisation of deactivated catalysts is an important component 
in deactivation studies, leading to further understanding of the deactivation mechanisms. This 
helps in determining whether deactivation is due to a singular event, or is a result of a combined 
effect of the different mechanisms [12]. 
Catalyst deactivation is usually diagnosed through the changes in the activity of the catalyst 
during time on line reactions, such as a reduction in the conversion and changes or loss of 
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product selectivity. Despite this, further characterisation of the physicochemical properties of 
the discharged catalysts is important, as the observed properties can then be correlated to the 
behaviour of the catalyst as it loses its efficiency [75]. 
Surface area analysis is one of the most useful techniques for the identification of fouling, since 
the deposition of polymeric condensation products leads to the blockage of catalyst pores, 
resulting in an overall decrease in the material’s surface area. Thermogravimetric analysis and 
differential scanning calorimetric analysis (TGA-DSC) is another effective method of 
determining the extent of deposition of carbonaceous species on the catalyst [76]. Additionally, 
Raman spectroscopy and infrared spectroscopy are useful techniques in the determination of 
adsorbed organics [77]. 
Electron microscopy techniques are useful in the characterisation of the surface characteristics, 
including the surface composition of different species that might be adsorbed onto the spent 
catalysts. The use of scanning electron microscopy, coupled with energy-dispersive X-ray 
spectroscopy, is particularly helpful in the observation of poison distribution, giving 
information on the location of the poison, whereas transmission electron microscopy is useful 
in determining the extent of sintering [78, 79]. 
Additionally, the characterisation of the surface chemical properties is crucial, as these can be 
correlated to the selectivity changes experienced during operation. Deactivation may affect or 
influence the acidity of the catalyst, leading to a change in the selectivity of by-products. This 
could be related to a change in the strengths of the catalysts’ acid sites, which could be 
characterised by the adsorption of an appropriate acidity probe molecule, such as by ammonia 
temperature programmed desorption, or by pyridine adsorption infrared spectroscopy [76]. 
2.4 Regeneration 
Following the deactivation of a catalyst, the choice could be either disposal or regeneration. 
Disposal is undesirable from an economic standpoint, as it results in the loss of expensive 
metals. In addition, it is not advisable from an environmental perspective, due to more stringent 
laws put in place that regulate the disposal of materials that are potentially harmful to the 
environment [80]. Hence, disposal is at most considered the last resort, while other alternatives 
are considered. A more feasible alternative is regeneration, which is the recovery and 
restoration of lost catalytic activity [2].  
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Regeneration hinges upon several factors that include, but are not limited to, the deactivation 
mechanism and the reversibility of the process, the economic viability and necessity of 
regeneration, and the catalytic process mode (batch or continuous). The regeneration of 
catalysts deactivated by carbon deposition is much easier than the regeneration of sintered 
catalysts. Some poisons can be removed through changing reaction conditions, whilst others 
are irreversible [2]. Prior to deciding on the regeneration method, the deactivation mechanism 
must be well established, as must the effects that the regeneration treatment will have on the 
properties of the catalyst after regeneration. 
Different regeneration treatments have been reported, and these vary across processes, and 
modes of deactivation [2, 44, 81]. As most industrial processes are performed in a continuous 
mode of operation similar to this study, the ensuing discussion focuses on regeneration during 
continuous processes. Jackson lists three possible methods of regeneration, namely thermal, 
reductive and oxidative [6]. 
Thermal regenerations involve treatment of the spent catalyst at high temperatures, and may 
be coupled with either reductive or oxidative regeneration. Carbonaceous species adsorbed 
onto catalysts are removed through gasification in air, water, carbon dioxide, or hydrogen gas 
at moderate to high temperatures to remove polymeric species, whilst temperatures are much 
higher for the removal of graphitic carbon [2, 81-83]. This treatment has its own drawbacks, 
since the treatment of catalysts at high temperatures under oxidizing condition causes sintering 
and other changes in the properties of the catalyst, resulting in the recovered activity being less 
than the intrinsic activity [2, 6, 82].  
Sintering is reported to be mainly irreversible, yet re-dispersion has been shown to be possible 
[79, 84]. Re-dispersion is usually achieved through treatment at high temperatures with 
chlorine and oxygen, a process termed oxychlorination [79]. Other re-dispersion methods 
include either treatment with a mixture of gases containing hydrochloric acid, water vapour, 
oxygen and nitrogen under high temperatures or treatment at high temperature with static 
oxygen, followed by reduction [82, 85]. Re-dispersion has mainly been reported for catalysts 
based on noble metals such as platinum, rhenium and rhodium, whose applications range from 
naphtha reforming to automobile exhaust catalysts [82, 85]. 
Studies documented in literature only address the regeneration of methane combustion and 
methanation catalysts poisoned by sulphur species using hydrogen [86-88], while not a lot exist 
on the regeneration of phosphorus poisoned catalysts. A study by Hoyos et al. [89] details the 
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regeneration of alumina supported platinum and palladium catalysts used for the 
dehydrogenation of cyclohexane. The sulphur poisoned catalysts were regenerated by treating 
the catalysts under a flow of hydrogen, at varying temperatures. The activity of palladium was 
sufficiently recovered with hydrogen treatment at higher temperatures, while the regeneration 
of the platinum catalyst proved less effective. The regeneration of a sulphur poisoned Pt [90], 
Pd [91] and Ni [92] hydrogenation catalysts has also been documented.  
A method for the regeneration of an aldehyde hydrogenation catalyst poisoned by phosphorus 
was reported in a recent patent by Kim et al. [93]. The method involved the deactivation of a 
supported metal (Ni or Pt) hydrogenation catalyst with phosphorus (triphenylphosphine), 
followed by regeneration, which was carried out in situ without removal of the catalyst from 
the reactor system. This is advantageous as it eliminates the need for additional catalyst 
treatments, such as re-reduction of the catalyst after reintroduction into the reactor. According 
to the authors, the catalytic activity was sufficiently recovered. However, it is not explicitly 
stated to what extent. The effects of poisoning and regeneration on the selectivity of the 
products were also not discussed. 
Another study by ĽArgentière  and Fígoli [92] on the poisoning effects of thiophene in the 
hydrogenation of styrene, showed a decrease in activity for the Ni/SiO2 catalyst with exposure 
to thiophene. The activity was reportedly recovered by treatment with hydrogen and 2-butyne. 
However, the recovered activity was lower than the initial activity. Hydrogen treatment was 
also found to be effective in regeneration of an arsenic poisoned CeO2-WO3 / TiO2 catalyst 
used for the selective catalytic reduction of NOx [94]. 
From the mentioned studies, hydrogen treatment appears to be an effective regeneration 
technique for poisoned metallic catalysts, hence the motivation behind its use for regeneration 
of the poisoned hydrogenation catalysts in the present study. Although the study focuses on 
catalyst deactivation by poisoning, other mechanisms are also considered as they could 
simultaneously contribute to the overall deactivation of the catalysts. 
2.5 Aims and Objectives 
The main aim of this study was to establish a feasible method for the regeneration of 
phosphorus poisoned nickel hydrogenation catalysts supported on γ-alumina and commercial 
silica during the time on stream hydrogenation of octanal to octanol. The catalysts were 
dispersed on two different supports to observe the influence of the support on the extent of 
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deactivation, and ease of regeneration of the poisoned catalysts through several regeneration 
procedures. The regeneration treatments included the use of hydrogen, octanol, and a 
combination of the two. In addition, the relationship between phosphorus and the active metal 
was probed to understand the nature of the nickel-phosphorus interaction and to establish 
whether the poison selectively deactivates the metal or if it also affects the support. The effects 
of deactivation and regeneration on the catalyst properties were also probed through 
characterisation to determine the changes in metal dispersion, catalyst surface acidity, surface 
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Chapter 3: Experimental procedures 
3 Introduction 
The two catalysts under study were synthesised using wet impregnation, a method which has 
been reviewed and explained in the first chapter. The synthesised catalysts underwent 
characterisation using a range of techniques to determine their properties. These techniques 
included microscopic, thermal and spectroscopic techniques discussed in more detail further 
on. These were also employed for the characterisation of the used, deactivated and regenerated 
catalysts to observe changes in the catalyst properties due to the different regeneration 
treatments. The observed properties of the used catalysts were then correlated to the in situ 
catalytic behaviour of the catalyst before deactivation, during the actual deactivation 
experiments, and after regeneration. All characterisation experiments, except for scanning 
electron microscopy imaging and temperature programmed reduction, were carried out at the 
University of KwaZulu-Natal. Scanning electron microscopy and back scattered electron 
imaging, as well as temperature programmed reduction, were carried out at the Sasol Infrachem 
Laboratory in Sasolburg. 
3.1 Catalyst synthesis 
Nickel catalysts used for this study were supported on gamma alumina and silica using the wet 
impregnation technique  [1-3]. An appropriate mass of nickel nitrate hexahydrate (Ni(NO3)2 · 
6 H2O, Sigma Aldrich) was dissolved in a minimum amount of deionized water, and introduced 
slowly to a slurry of the support with the aid of a separating funnel. The resulting mixture was 
stirred for three hours at room temperature. Thereafter, the mixture was sonicated for half an 
hour at room temperature, and stirred further for an hour on a magnetic stirrer hot plate. Excess 
solvent was subsequently evaporated by slow heating on the hotplate until a paste formed, 
which was dried overnight in an oven set at a temperature of 110 °C. The precursor solid was 
ground and calcined for five hours under a stream of air at 550 °C. Prior to hydrogenation 
reactions, the calcined precursor was converted to pellets, then crushed and sieved to a size 
between 300-600 microns. One batch (15 g) for each catalyst was prepared, and all subsequent 




3.2 Catalyst characterisation 
A range of characterisation techniques were employed to gain understanding of the 
physicochemical characteristics of the prepared catalysts, and to correlate these to the observed 
behaviour of the catalyst during catalytic activity evaluations. The characterisation techniques 
outlined in this chapter were also used to characterise the catalysts after deactivation and 
regeneration. 
3.2.1 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
The accurate nickel loading of the prepared catalysts, as well as the phosphorus content of the 
used/regenerated catalysts were quantified using inductively coupled plasma-optical emission 
spectroscopy on a Perkin Elmer Precisely Optima DV 5300 Optical Emission Spectrometer. 
Prior to analysis, the samples were digested using aqua regia (1:3 nitric acid to hydrochloric 
acid ratio) in a CEM Mars 6 OneTouch Technology microwave digestion unit, using easy prep 
sample vessels, at a maximum temperature of 200 °C and a pressure of 328 psi. The aqua regia 
was prepared using 55 % nitric acid (chemically pure, Promark Chemicals) and 32 % 
hydrochloric acid (Analytical Reagent, Promark Chemicals). The samples were pre-digested 
overnight at room temperature in the EasyPrep microwave vessels prior to the microwave 
digestion. In addition, a set of multi-element standards of nickel and phosphorus were prepared 
and used for the calibration of the instrument and, hence, to obtain accurate nickel and 
phosphorus concentrations of the samples. The spectral line used for nickel was 231 nm, while 
for phosphorus quantitation was 177 nm. 
3.2.2 Powder X-ray and in situ X-ray diffraction (PXRD) 
The crystallinity of the prepared catalysts was determined by powder X-ray diffraction using a 
Bruker Advance D8 diffractometer equipped with an Anton Paar XRK 900 reaction chamber 
and TCU 750 temperature control unit. The instrument employed a Cu Kα radiation source with 
wavelength of 0.15406 nm. The behaviour of the catalysts under reducing conditions were also 
observed with the aid of in situ XRD. The analysis was carried out using 5 % H2 in N2. The 
temperature was ramped from 100 °C to 600 °C at a rate of 50 °C/min to investigate the phase 
change and formation of metal from the metal oxide. 
3.2.3 Surface area analysis 
The surface areas and porosity of the prepared and used catalyst samples were measured using 
nitrogen physisorption at -196°C. The analyses were performed on a three port Micromeritics 
Tristar 3020 surface area and porosity analyser. Prior to analysis, the samples were degassed 
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under a flow of nitrogen at 90 °C for an hour. The temperature was raised to 200 °C and the 
samples were degassed at this temperature for twelve hours. The samples were then cooled, 
weighed, and analysed.  The surface area of the samples was determined using the Brunauer-
Emmet-Teller (BET) equation, whilst the cumulative pore volume, average pore diameter and 
pore size distribution (PSD) of the samples were determined by applying the Barrett-Joyner-
Halenda (BJH) theory to the desorption branch of the nitrogen sorption isotherm. 
3.2.4 Temperature programmed reduction (TPR) 
Temperature programmed reduction experiments were carried out to study the reducibility of 
the catalyst, and the analyses were performed on a Micromeritics Autochem 2920 coupled with 
a MKS Instruments Cirrus Mass Spectrometer. The sample (approximately 50 mg) was placed 
between two layers of quartz wool in a quartz U-tube. The tube was fitted with a thermocouple 
for continuous temperature measurements. Prior to analysis, the sample was dried under helium 
at a flow of 50 ml min-1 by heating the sample from room temperature, at a rate of 5 °C min-1, 
to 120 °C and held there for ten minutes to remove any adsorbed moisture. The sample was 
thereafter cooled to room temperature. The actual analysis was performed by heating the 
sample from room temperature to 950 °C, at a rate of 10 °C min-1 under a flow of pure hydrogen 
at 50 ml min-1. The sample was subsequently held at 950 °C for ten minutes, while mass 
spectrometry was used to detect the evolved gases. The amount of hydrogen consumed by the 
sample during reduction was measured using a thermal conductivity detector (TCD). 
3.2.5 Hydrogen chemisorption and oxygen titration 
The metal dispersion of nickel on the alumina support was measured by hydrogen 
chemisorption on a Micromeritics ASAP 2020 Chemisorption analyser at 50 °C. The catalyst 
was reduced at 550 °C for 240 minutes. Oxygen titration was performed at 550 °C to determine 
the degree of reduction. The samples (50 mg) were placed between two layers of quartz wool 
in a quartz U-tube and degassed at 200 °C overnight under vacuum on the instrument prior to 
analysis. The metal dispersion on the silica supported catalyst was measured under similar 
conditions to the alumina supported catalyst; however, reduction and oxygen titration were 
performed at 400 °C. 
3.2.6 Scanning electron microscopy (SEM) 
Cross sectional scanning electron microscopy imaging was performed on the fresh and used 
catalyst samples. The samples were mixed with Akasel epoxy resin and Akasel cure in plastic 
moulds, then cured for 24 hours to form resin blocks. The blocks were then polished using 
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diamond paste with progressively smaller particles on the surfaces where the catalyst powders 
were located to obtain a smooth surface. After polishing, the samples were coated with carbon 
to prevent charging. The back scattered electron imaging and electron dispersive X-ray 
spectroscopy analysis were carried out on a Zeiss EVO 40 instrument with a tungsten filament, 
at an accelerating voltage of 20 kV and a probe current of 1.5 nA. The filament current was 
kept at 2.403 A. EDS analyses were performed using a Bruker XFlash SDD detector, controlled 
by Bruker Esprit software.  For the analysis of each sample, an acquisition time of 300 seconds 
was used to generate sufficient information for the element maps.  
3.2.7 Transmission electron microscopy (TEM) 
Transmission electron microscopy images were obtained using a Jeol JEM-1010 electron 
microscope. The images were captured and analysed using iTEM software. The samples were 
suspended in ethanol and sonicated for ten minutes prior to analysis, while the used catalysts 
were first ground to a fine powder, suspended in ethanol, then sonicated. The samples were 
mounted on copper grids and analysed using the Megaview III soft imaging system at an 
operating voltage of 100 kV. 
High resolution transmission electron microscopy imaging was performed on a Jeol JEM 2100 
using the iTEM software for imaging. The microscope used a LaB6 gun and was equipped with 
a Gatan ultrascan camera for imaging. This was used to obtain high resolution images, as well 
as electron diffraction patterns, dark field images and to carry out STEM-EDX analysis. The 
sample preparation was similar to that used for low-resolution transmission electron 
microscopy imaging. 
3.2.8 Thermogravimetric analysis (TGA) 
Normal thermogravimetric and differential scanning calorimetry analyses were performed on 
a TA SDQT600 instrument. The sample was heated from room temperature to 900 °C under a 
flow of air set at a flow rate of 15 °C/min, and a flow rate of 50 mL/min. Mass spectra were 
obtained with a MKS Instruments Cirrus Mass Spectrometer. 
3.2.9 Vibrating sample magnetometer measurements (VSM) 
The magnetic properties of the reduced, poisoned and regenerated catalysts were measured on 
a Lakeshore Model 735 vibrating sample magnetometer at room temperature. A mass of 20 mg 
of sample was loaded onto the sample holder, attached to the sample rod and placed inside a 
Janis model helium cryostat. Measurements were conducted in an applied external magnetic 
field range of -14 to 14 kOe. 
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3.2.10 Attenuated Transmission Reflectance – Infrared Spectroscopy (ATR-IR) 
Infrared spectra were obtained using a Perkin Elmer spectrometer, equipped with a Universal 
Sampling Accessory and diamond crystal that was used to apply force to the sample for 
analysis. The obtained spectra were analysed and processed with Spectrum 100 software. For 
analysis, approximately 20 mg of sample was placed on the diamond crystal, and subjected to 
a force of 120 gauge, and the spectra were subsequently collected. The samples did not require 
any treatment prior to analysis. 
3.2.11 Fourier transform infrared spectroscopy (FTIR) 
Infrared spectra of the fresh and used catalyst samples were obtained using a Perkin Elmer 
FTIR Spectrometer RX using a KBr disc. A small mass of sample, approximately 3 mg was 
ground in a mortar and pestle with approximately 300 mg of KBr, then compressed into a disc 
which was then analysed by the FTIR spectrometer. 
3.3 Catalytic testing 
The liquid phase hydrogenation of octanal was carried out in a high pressure, continuous flow 
fixed bed reactor. The deactivation and regeneration studies were performed in situ using the 
same reactor system. 
3.3.1 Reactor set-up 
The reactor system was constructed of stainless steel ¼ inch tubing and fittings from Swagelok. 
Gases to the system were delivered from connected nitrogen and hydrogen cylinders, whose 
lines were maintained at a pressure of 50 bars by pressure regulators. The gas flow rates 
entering the system were set and maintained by Bronkhorst mass flow meters (MFCs). Shut 
off valves were placed before and after the MFCs to control the flow of gases into and out of 
the system, and one-way valves were placed after the MFCs and shut off valves to prevent the 
backflow of gases and liquid feed. The gases entered the reactor concurrently with the liquid 
feed. The feed was fed from a feed reservoir at the T-piece where the gas and feed lines 
intersected, as schematically represented in Figure 3.1. 
The feed was delivered from a reservoir placed on a balance via a LabAlliance isocratic HPLC 
pump which maintained the liquid flow rate. The pump was connected to a Teflon tube fitted 
with a filter, placed inside the feed reservoir. The feed travelled through a one-way valve prior 
to entering a T-piece, then passed onto the stainless-steel reactor tube with a diameter of 2 cm 
and a length of 26 cm. The tube was fitted into a steel heating block affixed to the wall for 
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support, and secured with steel bolts fitted with copper seal rings that were affixed to the 
heating block with a torque wrench. A 30 cm heating band connected to a temperature control 
unit was placed around the block and covered with an insulating jacket to provide heat and to 
maintain the set temperature. The temperature of the catalyst bed was monitored with a sliding 
thermocouple placed in a thermowell and connected to a temperature control unit.  
 
Figure 3.1: A schematic set-up of the reactor lines and components 
The product stream consisting of liquid products and unreacted hydrogen exited the reactor and 
passed through a three-way valve, then through one of two parallel 2 µm filters before entering 
the backpressure regulator, which was used to set and maintain the pressure at which the 
catalytic tests were performed. The product stream was separated into the gas and liquid 
components in the catch pot, after which point the gas travelled to the Ritter wet gas flow meter 
which monitored the amount of hydrogen and other evolved gases during the catalytic tests. 
The excess gas was vented while the product was collected in the catch pot. 
3.3.2 Catalytic tests and product quantification 
The catalysts were mixed with 2 mL of carborundum, then packed into the reactor tube and 
sandwiched between glass wool plugs and carborundum to maintain the structure of the bed 
and ensure even mixing and temperature distribution along the tube. The catalysts were 
activated by first drying under a flow of nitrogen for two hours at 200 °C, prior to a gradual 
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increase in the temperature and hydrogen flow. The catalysts were then reduced under a flow 
of hydrogen for a period of 24 hours. Following this, the temperature was reduced to the 
reaction temperature (140 °C) and the system was pressurised using hydrogen to 50 bars.   The 
alumina supported catalyst was reduced at 450 °C while the silica-supported catalyst was 
reduced at 350 °C; temperatures which were determined with the use of in situ X-ray diffraction 
and temperature programmed reduction. 
Catalytic testing conditions were optimized during previous studies [4] and the testing was 
performed at a hydrogen pressure of 50 bars. The temperature for all catalytic testing performed 
was set at 140 °C, while the liquid hourly space velocity was 18 h-1. The substrate to hydrogen 
ratio was 1:2, and a volume of 2 mL of catalyst was used throughout the study. The products 
were quantified using a Perkin Elmer Autosystems XL Gas Chromatograph equipped with a 
Flame Ionization Detector and a Petro-Elite column. The products were injected into the 
column with a 1 µL syringe set to deliver a volume of 0.5 µL.  
3.3.2.1 Time on stream catalytic tests 
Time on stream testing of the catalyst was performed in five steps. The first step was the 
hydrogenation of feed consisting of 10 wt.% octanal in octanol to evaluate the intrinsic activity 
of the catalysts towards the hydrogenation of octanal. This feed was termed “clean feed”. The 
second step involved the introduction of poisoned feed which was spiked with a concentration 
of 500 ppm of triphenylphosphine to induce deactivation by poisoning. After deactivation, the 
clean feed was re-introduced to establish whether there was a need for regeneration (step 3). 
The fourth step was the regeneration experiment, while the fifth step involved the 
reintroduction of clean feed to evaluate the effectiveness of each regeneration experiment. 
During testing with 15 NiA, the catalytic activity tests were performed as outlined in Figure 
3.2, in order to track the changes in the properties of the catalyst after each step of the reaction. 
At the end of the experiment, the catalyst was removed from the reactor after each step for 
characterisation purposes. For 15 NiSi, the catalytic activity tests involved carrying out steps 




Figure 3.2: Schematic representation of catalytic testing experiments 
3.3.2.2 Catalyst regeneration  
Regeneration experiments were conducted as follows; after step 3, the liquid feed flow into the 
reactor was stopped, and the pressure was slowly released to atmospheric pressure. The 
temperature was increased to 200 °C. Three separate regeneration experiments were 
performed, which were; regeneration with hydrogen, regeneration by washing with octanol, 
and a regeneration experiment that involved washing the catalyst bed with octanol prior to 
commencing the regeneration using the hydrogen treatment. The hydrogen treatment and 
solvent wash regeneration experiments were each conducted for 20 hours, while the combined 
regeneration was conducted for 24 hours (12 hours octanol wash, followed by 12 hours of 
hydrogen treatment). After regeneration, the reactor was cooled to 140 °C, re-pressurised to 50 
bars, and the reaction was restarted by introducing clean feed (step 5, Fig. 3.2). To determine 
any removal of phosphorus during regeneration, the product streams were analysed using 
inductively coupled optical emission spectroscopy to test for leaching of any nickel, as well as 
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Chapter 4: Characterisation of fresh catalysts 
4.1 Introduction 
The prepared catalysts were characterised to establish their morphological and 
physicochemical characteristics, in order to correlate these to the behaviour of the catalysts 
under operating conditions. This was achieved by focusing on techniques that would give 
insight into these properties, such as physisorption and elemental analysis, electron 
microscopy, temperature programmed techniques and diffraction analyses. The discussion in 
this chapter concerns the properties of the fresh, calcined catalysts prior to any hydrogenation 
reactions. The discussion of the characteristics of the used catalysts takes place in Chapter 5. 
4.1.1 Inductively Coupled Plasma-Optical Emission Spectroscopy 
The accurate nickel loading of the alumina and silica supported catalysts was determined to be 
14.5 and 14.7 wt.% respectively (Table 4.1), which was close to the desired loading of 15 wt.%. 
The alumina supported catalyst is henceforth referred to as 15 NiA, while the silica supported 
catalyst is referred to as 15 NiSi.  
Table 4.1: Elemental composition and porosity characteristics of the bare supports and calcined 
catalysts 
Sample Ni loading 
(wt.%) 
BET surface 





γ-Al2O3 - 232 0.8 13.7 
15 NiA 14.5 176 0.5 8.8 
SiO2 - 140 0.6 15.6 
15 NiSi 14.7 99 0.3 4.0 
 
4.1.2 Physisorption analysis 
The porous structure of the supports and calcined catalysts was probed with the aid of surface 
area measurements. The BET surface area of the supports was determined to be 232 m2 g-1 for 
γ-Al2O3 and 140 m
2 g-1 for SiO2. The surface area of calcined 15 NiA was measured to be 176 
m2 g-1, whilst that of calcined 15 NiSi was 99 m2 g-1. The BET surface area, pore volumes and 
pore sizes of the bare supports, and corresponding catalysts are given in Table 4.1. The 
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supported catalysts have a lower surface area compared to the bare supports, which is attributed 
to the deposition of nickel oxide in the pores of the silica and alumina supports [1]. 
The diameters of  both the gamma alumina and silica supports are 14 and 16 nm respectively, 
which puts them within the mesoporous pore size range [2]. The mesoporosity of the supports 
was maintained for the impregnated and calcined catalysts, which suggests maintenance of the 
support integrity with calcination. The decrease in the pore size of the supported catalysts 
indicates the occupation of the pores by NiO particles, which is more pronounced for the silica 
supported catalyst. This suggests the formation of large NiO clusters that block the larger pores, 
resulting in a smaller average pore size measurement for the 15 NiSi catalyst when compared 
to the silica support by itself [1]. The change in the porosity of the supports with Ni loading 
was monitored with the aid of BET isotherms, presented in Figure 4.1. The isotherms of both 
catalysts and supports exhibit type IV behaviour and type H1 hysteresis loops, based on the 
IUPAC classification, which is typical of mesoporous materials  [2].  
 




The shape of the hysteresis loops suggests both alumina and silica have pores with uniform 
size and shape [2, 3]. The volume of nitrogen adsorbed was lower for the impregnated catalysts, 
compared to the supports, which corresponds to the lower surface area of the impregnated 
catalysts. 
4.1.3 Powder X-ray diffraction 
The bulk phase composition and crystallinity of the bare supports and the catalysts were 
determined by powder X-ray diffraction. The XRD diffractograms of the supported 15 NiA 
and bare alumina are shown in Figure 4.2. The diffractogram of the bare γ-alumina is included 
to distinguish between the alumina and NiO peaks, and consists of peaks corresponding to the 
JCPDS card number 75-0921 [4].  
 
Figure 4.2: Powder X-ray diffractogram of A) alumina and B) the calcined 15 NiA catalyst 
precursor 
The diffractogram of the 15 NiA catalyst retains the characteristic alumina peaks, whilst also 
displaying peaks corresponding to nickel oxide (NiO) at  37°, 44°, 63°, 76° and 79° 2θ angles 
(JCPDS card number 78-0643) [5]. The nickel oxide peaks are largely broad and in places 
overlap with the alumina peaks, indicating the presence of NiO in the form of small particles, 
which would suggest a good dispersion of nickel oxide on the alumina support [6]. The peak 
broadening may also be as a result of the overlap between NiO and the alumina peaks  [7]. This 
has been reported in literature, where NiO peaks were indistinguishable from those of the 
alumina support, and was attributed to either a high degree of  metal dispersion on the support, 
or the amount of metal oxide being below the detection limit for XRD [8, 9].  
57 
 
In contrast to the alumina supported catalyst, the diffractogram of the silica supported catalyst, 
presented in Figure 4.3, displays sharp peaks of a relatively high intensity, and a broad peak at 
the 2θ angle of 20°, attributed to silica [10]. The sharpness of the peaks indicates highly 
crystalline, bulk nickel oxide particles on the silica support. According to Yenumala et al. [6], 
the high crystallinity of nickel oxide on silica is due to a weak interaction between the metal 
oxide and silica. This leads to the poor dispersion of metal on silica, and, hence, results in the 
formation of large nickel oxide clusters [6].  
 
Figure 4.3: Powder XRD pattern of the calcined 15 NiSi catalyst precursor 
Hydrogenation reactions are catalysed by metals in their reduced form. Hence, NiO in this case 
is considered a catalyst precursor, and requires pre-treatment at high temperatures under a 
stream of hydrogen gas to obtain the active form of the catalyst. As such, the phase 
transformation undergone by the catalyst precursors under a reducing atmosphere were studied 
with in situ XRD. The XRD diffractograms showing the transformation of NiO to Ni0 on 15 
NiA under the influence of changing temperature are presented in Figure 4.4. From Figure 4.4, 
the reduction of NiO to nickel occurs at a temperature of 550 °C, as noted by the appearance 
of peaks representing metallic Ni  (JCPDS card number 04-0850) [11, 12]. The relatively high 





Figure 4.4: Phase changes undergone by NiO on the 15 NiA catalyst precursor under a reducing 
environment 
The phase transformation of the 15 NiSi catalyst precursor under a hydrogen atmosphere was 
also monitored by in situ XRD, with the XRD patterns of the phase transformations presented 
in Figure 4.5. In contrast to the 15 NiA catalyst precursor, reduction in this case occurred at a 
lower temperature, 350 °C, indicated by the appearance of Ni0 peaks (JCPDS card number 04-
0850) [11, 12].  
 




The low reduction temperature is attributed to the weak interaction between nickel oxide and 
silica [14]. It was also noted that the peaks representing Ni0 for the 15 NiSi catalyst were 
sharper and narrower than the Ni0 peaks for the alumina supported catalyst, indicating that the 
alumina support is better able to stabilize the metal particles against sintering, as opposed to 
the silica support.  
4.1.4 Hydrogen chemisorption 
Hydrogen chemisorption is one of the techniques used for the determination of the surface area 
of the supported metal that is available for catalysis [15-17]. The adsorption of hydrogen is 
used as a form of titration, based on the assumption of a 1:1 ratio between a hydrogen atom 
and an exposed metal atom [18]. This method was used to determine the amount of available 
nickel, and, hence, the degree of dispersion and crystallite sizes of Ni0 on the gamma alumina 
and silica support. The results are presented in Table 4.2. The extent of metal dispersion is 
mainly affected by the preparation method, type of support used, and catalyst pre-treatment 
methods [19, 20].  
Table 4.2: Summary of results obtained from hydrogen chemisorption of 15 NiA and 15 NiSi 
Catalyst Metal 
dispersion (%) 
Metallic surface area 





15 NiA 12.2 9.9 7.9 84.0 
15 NiSi 4.6 4.1 20.8 90.3 
 
Nickel catalysts are typically calcined to form oxide precursors, then reduced under a flow of 
hydrogen to form metallic nickel. The main aim of supporting metal catalysts is to disperse the 
metal into small, finely divided particles with a greater exposed metal surface area, which often 
correlates to the activity of the catalyst. Simply put, higher metal dispersion, smaller metal 
crystallites and greater metallic surface area all result in a greater number of active sites, and 
hence, higher catalytic activity [21]. 
Prior to chemisorption analysis, 15 NiA was reduced at 550 °C, whilst 15 NiSi was reduced at 
400 °C. From the chemisorption data in Table 4.2, 15 NiA has a higher metal dispersion when 
compared to 15 NiSi, with the crystallites for 15 NiA having an average size of 7.9 nm. The 
metallic surface area was 9.9 m2 g-1, while the dispersion itself was 12.2 %. In contrast, for the 
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15 NiSi catalyst, the metallic surface area was 4.1 m2 g-1, the Ni crystallite size was 20.8 nm, 
while the metal dispersion was 4.6 %. The results obtained from chemisorption support the 
results obtained from XRD analysis, which indicated that NiO was dispersed as small particles 
on the alumina support, while NiO supported on silica was suggested to exist in a highly 
crystalline but poorly dispersed form.  
The comparatively lower metal dispersion of nickel on silica arises from the poor interaction 
between nickel and silica, resulting in the formation of larger metal crystallites.  The degree of 
reduction for both 15 NiA and 15 NiSi was determined by oxygen titration, which showed a 
90 % reduction of nickel oxide to metallic nickel for the catalyst supported on silica, whereas 
the degree of reduction for the alumina supported catalyst was 84 %. The slightly lower degree 
of reduction observed for 15 NiA, despite the much higher reduction temperature, is largely 
attributed to the existence of nickel species that interact strongly with the alumina support. This 
results in less nickel being available for catalysis, since some of it remains in the oxide form 
[22]. The reducibility of the catalyst precursors was then determined using temperature 
programmed reduction to observe the ease of reduction of the catalysts. 
4.1.5 Temperature programmed reduction 
Temperature programmed techniques are used for the determination of different properties of 
supported catalysts, such as oxidation, reduction, and sorption of a probe molecule. In the 
present case, temperature programmed reduction was used to probe the reducibility of NiO on 
the two different supports, which gives further insight into the strength of the interaction 
between metal and support. The reduction profile of the 15 NiA catalyst precursor is presented 
in Figure 4.6. 
The trace of the temperature programmed reduction of 15 NiA showed three reduction maxima 
and a shoulder peak around 700 °C. Deconvolution showed five reduction peaks. The first peak 
shows reduction occurring around 170 °C, which is relatively low, while the second peak shows 
a reduction at 232 °C. This has been observed in the reduction of supported nickel 
nanoparticles, and was attributed to the reduction of a nickel oxide nanoparticle layer present 
on nickel nanoparticles, but may also indicate the reduction of free NiO on the 15 NiA 
precursor [23-25]. The next peak was at 400 °C, which indicates the reduction of bulk NiO 
having a weak interaction with the alumina support [9, 25]. The largest reduction peak was at 
546 °C, which is attributed to the reduction of highly dispersed NiO having a strong interaction 
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with the support, or the reduction of larger NiO particles [14, 25]. The reduction peak at 755 
°C is attributed to the reduction of nickel aluminate surface spinel species [9, 25]. 
 
Figure 4.6: Hydrogen temperature programmed reduction profile of 15 NiA, also showing the 
peak deconvolution (peaks 1-5) 
The reduction profile of the 15 NiSi catalyst precursor is presented in Figure 4.7. The combined 
trace showed three reduction maxima, which were deconvoluted to reveal three reduction peaks 
attributed to the reduction of NiO species in different environments. The first reduction peak 
at 274 °C is attributed to the reduction of free nickel oxide. The major reduction peak at 320 
°C corresponds to the reduction of bulk NiO that weakly interacts with the support, while the 
peak around 400 °C corresponds to the reduction of NiO that has a stronger interaction with 
the support [26]. The reduction of the catalyst was complete at approximately 430 °C.  
Overall, the 15 NiSi catalyst precursor was easier to reduce compared to 15 NiA, due to the 



























Figure 4.7: Hydrogen temperature programmed reduction profile of 15 NiSi, also showing the 
peak deconvolution (peaks1-3) 
4.1.6 Scanning electron microscopy 
The SEM images of the fresh, calcined 15 NiA and 15 NiSi catalysts are presented in Figure 
4.8. The image of the 15 NiA precursor shows a rough morphology composed of stacked 
particles in the shape of thin, irregular plates. The nickel oxide particles are not distinguishable 
from the support, indicating a good dispersion of nickel oxide on the alumina surface. In 
contrast, the image obtained for the 15 NiSi catalyst precursor shows the presence of distinct 
NiO particles on the surface of the silica support, which suggests a poor metal dispersion. This 
indicates a lower metallic surface area available for catalysis, and correlates to the information 
obtained from the hydrogen chemisorption analysis. 
Backscattered electron microscopy imaging and electron dispersive X-ray spectroscopy (EDX) 
element maps were obtained for both catalyst precursors. The images and accompanying 
element maps are presented in Figure 4.9. The 15 NiA image and accompanying element map 
shows NiO to be well dispersed on the catalyst surface, while the 15 NiSi element map shows 
large green clusters, confirming the poor NiO dispersion on the silica support (Figure 4.9, C 
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In addition, the distribution of NiO on alumina is somewhat uniform throughout the particles 
shown in Figure 4.9 (A and B). However, there are some areas of the support that are 



















Figure 4.8: SEM images of A) 15 NiA and B) 15 NiSi catalyst precursors, with the NiO 




Figure 4.9: Backscattered scanning electron microscopy images and corresponding EDX maps 
of the 15 NiA (A and B) and 15 NiS (C and D) catalyst precursors, with circles highlighting 
NiO on the support 
4.1.7 Transmission electron microscopy 
The particle shape, size, surface morphology and metal particle distribution of the prepared 
catalysts were obtained using transmission electron microscopy. This analysis was performed 
to obtain a visualisation of the morphology of the 15 NiA and 15 NiSi catalysts, and to correlate 
the metal particle sizes obtained from TEM measurements to those obtained from hydrogen 
chemisorption. The TEM micrographs are presented in Figure 4.10, with the corresponding 
particle size distribution (histograms). For 15 NiA, the average NiO particle size, which was 
determined to be 7 nm, corresponds to the Ni crystallite size obtained with hydrogen 























Figure 4.10: TEM micrographs and accompanying histograms showing the NiO particle size 
distribution on 15 NiA (A) and 15 NiSi (B). The NiO particles are circled in green  
However, for the 15 NiSi catalyst, the dispersion of NiO is relatively poor, with the average 
NiO particle size determined to be 65 nm, which is much larger than the 21 nm determined for 
the Ni crystallite size from hydrogen chemisorption. The NiO particles on both supports are 
highlighted in green to provide a visual distinction of the particle sizes. 
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For 15 NiA, the majority of the nickel oxide particles are within the 4 to 15 nm range. The 
nickel oxide particles on 15 NiSi have a more heterogenized particle size distribution, with 
most particles falling within 17 to 47 nm, while others are as large as 150 nm in diameter. The 
large NiO particles on the silica support suggest that the support merely acted as a binder, since 
from the temperature programmed reduction and chemisorption, it appears the support has very 
little interaction with the active phase. The results from hydrogen chemisorption and 
transmission electron microscopy analyses were not unexpected, since the difficulty of 




















The characterisation techniques employed for probing the properties of the prepared catalysts 
helped to establish the major differences between the effects of alumina and silica as supports 
for a nickel hydrogenation catalyst. The accurate metal loading was determined with 
inductively coupled plasma optical emission spectroscopy, which showed the nickel loading 
on both catalysts to be similar and close to the theoretical values. Bulk analysis with powder 
X-ray diffraction indicated the difference in the nickel oxide dispersion on both supports. The 
15 NiSi catalyst had larger nickel clusters with a poor metal dispersion and lower metallic 
surface area. The nickel phase on the 15 NiA catalyst was well dispersed, and had a higher 
metallic surface area compared to 15 NiSi.   
Furthermore, all the characterisation techniques proved, collaboratively, the poor dispersion of 
nickel on silica and high dispersion of nickel on alumina. This was indicated by information 
obtained from X-ray diffraction, which was also corroborated by hydrogen chemisorption, 
temperature programmed reduction, scanning electron microscopy and transmission electron 
microscopy. The 15 NiSi catalyst was easier to reduce, since a higher degree of reduction was 
achieved at a lower temperature. On the other hand, the 15 NiA catalyst is comparably more 
difficult to reduce, since it required a higher reduction temperature, which could be attributed 
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Chapter 5: Catalytic results and discussion 
Catalytic activity tests were performed in a stainless steel, continuous flow fixed bed reactor. 
The reactor configuration was presented in Chapter 3. The nickel weight loading (15 %) and 
catalytic conditions were optimised by Valand et al. [1]. The chosen weight loading has an 
added advantage since it is sufficient to provide high catalytic activity, whilst being low enough 
to allow sufficient interaction between the support and the poison. This approach was also used 
to establish the role of the supports in the deactivation of the catalysts, and to ascertain if the 
poison alters the surface acid/base functionality of the supports. Therefore, the weight loading 
of nickel used in this study was significantly less than is normally used for commercial 
applications [2, 3]. 
Catalytic tests were performed at a liquid hourly space velocity of 18 h-1, a hydrogen to 
substrate ratio of 2:1, 50 bar hydrogen pressure, and a temperature of 140 °C. Prior to 
deactivation, the baseline activity was established using feed that consisted of 10 wt.% octanal 
diluted with octanol, which is referred to as clean feed (CF). The contaminated feed had a 
composition of 10 wt.% octanal with 500 ppm of triphenylphosphine in octanol, and is 
designated as TPP feed.  
5.1 Catalytic activity 
The intrinsic activities of the prepared catalysts, 15 NiA and 15 NiSi, towards octanal 
hydrogenation under optimised conditions are presented in Figure 5.1. Both catalysts display a 
similar, high octanal conversion, with a correspondingly high octanol selectivity. The by-
product selectivity varies slightly for each catalyst because of their different acid-base 
properties.  
Gamma alumina is a bifunctional support that possesses Brønsted acid and basic sites, whereas 
silica has Brønsted acid sites [4-6]. The main by-products are the C24 acetal and C16 diol, while 
octyl ether and 2-hexyl decanol form in smaller quantities, and are hence referred to as other 
products. By-product formation is catalysed by the support, whereas the hydrogenation of 
octanal is catalysed by the metal particles [7]. The mechanism through which the carbonyl 
group of an aldehyde adsorbs and undergoes hydrogenation on a metal surface has already been 
reviewed in the first chapter. The slightly higher by-product selectivity of the 15 NiSi catalyst 
is attributed to its relatively poor metal dispersion as determined by hydrogen chemisorption, 
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which possibly resulted in a greater number of exposed acid sites that catalyse by-product 
formation. 
  
Figure 5.1: Conversion and selectivity of the 15 NiA and 15 NiSi catalysts 
The formation of the C24 acetal is catalysed by Brønsted acid sites on the support, and is a 
product of the reaction of an octanal molecule with two octanol molecules  [7, 8]. The octanal 
carbonyl oxygen is first protonated over the Brønsted acidic site of the support, followed by a 
reaction with the first octanol molecule to form a hemiacetal intermediate [7, 9]. The 
intermediate dehydrates to an oxonium ion, which reacts with the second octanol molecule to 
form the C24 acetal, as depicted in reaction Scheme 5.1 [7]. 
 
Scheme 5.1: Formation of the C24 acetal over Brønsted acid sites [7] 
The dioctyl ether forms from the acid catalysed reaction of two octanol molecules via a 
dehydration process, which also produces water, as per Scheme 5.2. The dioctyl ether may also 




































Scheme 5.2: Formation of dioctyl ether from two octanol molecules [7] 
The formation of C16 diol, on the other hand, is a base catalysed reaction, but can also be 
catalysed by Brønsted acid sites [10, 11]. The C16 diol forms from a reaction between two 
octanal molecules. One aldehyde molecule undergoes hydrogen abstraction from an α-carbon 
by a weak basic site of the support, forming a nucleophilic carbanion. The second aldehyde 
molecule is protonated on the carbonyl oxygen by a weak acid site, making the carbonyl carbon 
electrophilic. The nucleophilic carbanion subsequently attacks the electrophilic carbonyl 
carbon, forming an aldol intermediate that is hydrogenated into the corresponding C16 diol, as 
shown in Scheme 5.3.  
 
Scheme 5.3: Acid/Base catalysed formation of the C16 diol [7] 
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The C16 diol molecule can further undergo dehydration and hydrogenation, resulting in the 
formation of 2-hexyl decanol, as depicted in reaction Scheme A1 (Appendix), which includes 
the complete reaction network. 
5.2 Deactivation and regeneration of 15 NiA 
The accelerated deactivation of 15 NiA was performed by introducing feed contaminated with 
triphenylphosphine having a concentration of 500 ppm. Time on stream deactivation and 
regeneration experiments were conducted in the sequence of CF-TPP-CF-Regeneration-CF. 
The initial experiment (CF) was conducted until the catalyst reached stable conversion and 
selectivity. The poisoned feed was subsequently introduced. After a significant decline in the 
conversion had occurred, the flow of poisoned feed into the reactor was ceased, and the non-
contaminated feed was re-introduced to determine if deactivation was reversed with removal 
of the poisoned feed. 
5.2.1 Influence of TPP as poison on the activity of 15 NiA 
Figure 5.2 gives the catalytic activity profile before, during and after the introduction of 
poisoned feed. The graph is divided into three zones, namely Zone A (clean feed), Zone B 
(poisoned feed) and Zone C (clean feed).  The initial conversion and octanol selectivity were 
96 and 87 % respectively. After steady state was reached (9 hours), the conversion was 98 %, 
while the octanol selectivity was 88 %. After the introduction of the poisoned feed, the catalytic 
conversion gradually declined over a period of about 38 hours to a value of 30 %, caused by 
the adsorption of triphenylphosphine onto the catalytically active sites.  
The overall product selectivity profile remained largely unchanged for the entire duration of 
the TPP feed run, with the only change being the inversion in the C24 acetal and C16 diol 
selectivity observed after 27 hours on stream (Zone B). Initially, the C24 acetal selectivity was 
1 %, but increased to 6 % at the end of the poisoning experiment, while the selectivity of the 
C16 diol, which was the predominant by-product, decreased from 9 % to 1 %. This suggests a 
change in the acid-base properties of the catalyst, since the C24 acetal formation is catalysed by 
Brønsted acid sites  [1, 7, 12].  
The preservation of the overall selectivity profile in Zone B indicates non-selective poisoning 
of the catalyst by triphenylphosphine. According to Forzatti and Lietti [13], a non-selective 
poison decreases the overall activity without affecting the product selectivity, as observed in 




Figure 5.2: Activity profile before (Zone A), during (Zone B) and after exposure of the 15 NiA 
catalyst to poisoned feed (Zone C) 
Poisons also tend to target the most coordinatively unsaturated active sites, leaving residual 
metal active sites. In addition, the deactivation of a catalyst bed is non-uniform, since the poison 
front propagates from the entrance of the catalyst bed and moves progressively downward, 
leaving the topmost layer saturated with poison, while the bottom remains moderately 
poisoned, as presented in Figure A1 (Appendix). The residual catalytic activity at the end of 
the poisoning experiment is due to the combination of the non-poisoned region of the catalyst 
bed and residual nickel active sites [14].  Some nickel sites may remain unaffected by the 
poison due to the steric bulk of the triphenylphosphine molecule, which has a cone angle of 
145°, and large phenyl groups that would physically block the approach and adsorption of 
reactants onto small metal particles [15, 16]. Subsequent decomposition of triphenylphosphine 
under the hydrogen atmosphere [17] would then result in the sterically blocked particles being 
exposed, which adds to the number of residual catalytically active sites. 
The reintroduction of clean feed in Zone C led to a further decline in the catalytic activity. The 
conversion momentarily increased from 30 % to 44 %, but subsequently decreased to a steady 
state conversion of 23 %. The octanol selectivity decreased from 88 % to 51 %. This was 
accompanied by a subsequent increase in the by-product selectivity. The C24 acetal selectivity 
underwent a significant increase from 6 % to 39 %, whilst that of the other products increased 
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The decline in catalytic activity and lower steady state conversion in Zone C suggests a 
distribution of adsorbed triphenylphosphine onto residual nickel sites by the re-introduction of 
clean feed, further deactivating the catalyst [13, 14]. The increase in the C24 acetal indicates the 
in situ formation of additional support acid sites from the reaction of phosphorus, alumina, and 
water. Water is formed in situ from the support catalysed reactions, such as the formation of 
the C16 diol by aldol condensation, C24 acetal and dioctyl ether  [18]. The water creates an 
oxidising environment, thereby enabling the oxidation of reduced phosphorus species [19, 20], 
allowing them to react with the alumina to form acidic AlPO4, or other acidic phosphorus-
alumina species [21].  
The decrease in octanol selectivity was an indication of irreversible deactivation under the 
process conditions, since discontinuation of the poisoned feed did not recover lost activity, but 
instead resulted in a further decline in octanol selectivity. This justified a need for regeneration, 
which was attempted by performing three separate experiments aimed at developing a viable 
technique for the recovery of both catalytic activity and selectivity.  
5.2.2 Regeneration of 15 NiA 
Regeneration experiments were conducted by either introducing hydrogen at a GHSV of 600 
h-1, or passing octanol at a liquid hourly space velocity (LHSV) of 18 h-1, at a temperature of 
200 °C. The regeneration temperature was chosen based on reports from literature [22]. The 
third type of regeneration process, which was a combined regeneration method, involved 
passing octanol through the catalyst bed for twelve hours, followed by the introduction of 
hydrogen for a further 12 hours. Where the regeneration data is presented, Zones A and B are 
omitted as they are a repetition of what was observed in Figure 5.2. Zone C is included to 
illustrate the extent to which the activity was recovered. The regeneration procedure is 
indicated after Zone C for each of the methods.  
5.2.2.1 Regeneration with hydrogen  
Regeneration was carried out by stopping the clean feed, slowly releasing the hydrogen 
pressure, and increasing the temperature and the flow rate of hydrogen gas. The clean feed was 
reintroduced after regeneration to determine the extent to which the catalytic activity was 
recovered. The activity profile after hydrogen regeneration is presented in Figure 5.3. After 




Figure 5.3: Activity profile of 15 NiA before and after regeneration with hydrogen: (C) clean 
feed before regeneration, (D) regeneration step, (EI) clean feed after regeneration 
Both the conversion and selectivity increased to about 82 %. The conversion then decreased to 
46 % after a few hours, while at the same time the octanol selectivity progressively declined, 
accompanied by an increase in the acetal selectivity. The momentary recovery of octanol 
selectivity suggests the regeneration of nickel active sites, and its subsequent decline suggests 
a continuous depletion in the number of recovered nickel active sites. The higher C24 acetal 
selectivity indicates a significant increase in Brønsted acidic sites.  
The low catalytic activity after regeneration, and declining octanol selectivity, suggest the 
continued deactivation of nickel active sites, possibly due to phosphorus species initially 
residing on the support migrating back onto cleaned nickel sites, resulting in secondary 
deactivation of the catalyst. This possibly suggests hydrogen only cleans nickel, and fails to 
remove the poison adsorbed on the support. To test this hypothesis, solvent regeneration was 
attempted. 
5.2.2.2 Regeneration with octanol 
The solvent wash regeneration method was performed under the same conditions as the 
hydrogen treatment, except no hydrogen gas was flowed through. Octanol was passed through 
the catalyst bed at a liquid hourly space velocity of 18 h-1 for twelve hours after steps indicated 





























T. O. S. (h)
Conversion Octanol Acetal C16 diol Other
C D EI 
Regeneration with the 
hydrogen treatment (GHSV 




re-pressurised to 50 bars with hydrogen. Figure 5.4 presents the activity profile of 15 NiA after 
the octanol wash regeneration.  
 
Figure 5.4: Activity profile of 15 NiA before and after regeneration with octanol: (C) clean 
feed before regeneration, (D) regeneration step, (EII) clean feed after regeneration  
Compared to the hydrogen treatment (Figure 5.3), the octanol wash regeneration improved the 
recovered octanol selectivity, suggesting a better recovery of nickel active sites. However, the 
C24 acetal selectivity was still much higher than that observed before the regeneration. In fact, 
it increased from 21 % to a steady state selectivity of 31 %. The conversion was slightly higher 
in this case, at 55 %, compared to 47 % obtained with the hydrogen treatment regeneration 
experiment. 
The slight recovery of the catalytic activity and selectivity suggests a recovery of some nickel 
active sites, possibly though the removal of phosphorus from the catalyst. Furthermore, the 
stable octanol selectivity indicates removal of mobile phosphorus species, which prevented the 
secondary deactivation of nickel active sites. Despite the improvement in the conversion and 
octanol selectivity, the C24 acetal selectivity remained high, suggesting the poison induced 
formation of acid sites was not reversed by regeneration. Thereafter, the combined regeneration 
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5.2.2.3 Combination of solvent washing and hydrogen treatment 
This regeneration experiment was carried out by first performing the solvent wash regeneration 
for twelve hours, followed by the hydrogen regeneration for another twelve hours. The reactor 
was cooled for a further four hours under a flow of hydrogen at atmospheric pressure, then re-
pressurised to 50 bars once the temperature had cooled to the reaction temperature (140 °C). 
Thereafter, the hydrogenation reaction was restarted. In Figure 5.5, we can observe the extent 
of recovery of the activity and selectivity achieved with the combined regeneration. 
 
Figure 5.5: Activity profile of 15 NiA before and after regeneration with octanol and hydrogen: 
(C) clean feed before regeneration, (D) regeneration step, (EIII) clean feed after regeneration  
The combined regeneration had a significantly more positive effect on the octanol selectivity, 
which increased from the 54 % achieved with the octanol wash regeneration, to 77 % after the 
combined regeneration, while the acetal selectivity remained below 20 % (Zone EIII, Figure 
5.5). This indicates that the combination of both solvent washing and hydrogen treatment was 
effective in the regeneration of the catalyst, by cleaning nickel sites for octanal hydrogenation.  
From the results obtained from all the regeneration methods, a major observation was the 
change in the by-product selectivity after regeneration of the catalyst (cf. Zone EI-III). The 
catalyst becomes more acidic after exposure to triphenylphosphine, which is indicated by the 
higher C24 acetal selectivity exhibited by the regenerated catalysts. The C24 acetal selectivity is 
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catalyst regenerated by the combined regeneration method is not as high, when compared to 
the individual hydrogen and octanol wash regeneration experiments.  
For all three regeneration experiments, there was no experimental evidence attesting to the 
removal of the poison from the catalyst bed and out of the reactor, since no phosphorus species 
were detected by GC-FID and NMR analysis in the exit product streams and octanol washings 
obtained during the solvent wash regeneration. Hence, the used catalysts were analysed to 
determine if phosphorus was retained after regeneration, and to establish the location of 
phosphorus. 
5.2.3 Characterisation of the poisoned and regenerated 15 NiA catalyst 
The poisoned and regenerated catalysts were characterised to determine the chemical and 
structural effects of phosphorus poisoning and regeneration on the catalysts. This was achieved 
by performing elemental analysis to quantify the amount of phosphorus retained on the 
catalysts, X-ray diffraction and magnetic measurements, transmission electron microscopy 
imaging and surface area analysis to observe changes in the physicochemical properties of the 
catalysts, and thermal analysis to determine if fouling contributed to catalyst deactivation. The 
relationship between nickel and phosphorus was also probed with scanning electron 
microscopy and electron dispersive measurements, while the surface composition of 
phosphorus and nickel was quantified with the aid of scanning transmission electron 
microscopy, coupled with electron dispersive X-ray analysis.   
5.2.3.1 Physicochemical properties 
Elemental analysis of phosphorus and nickel conducted by inductively coupled plasma-optical 
emission spectroscopy was undertaken to quantify the total amount of Ni and P present on the 
fresh, used and deactivated catalysts in order to compare the relative amount of phosphorus 
deposited on each catalyst. This was to confirm the findings from GC-FID and NMR analyses 
of exit product streams and octanol washings, which showed no evidence of phosphorus exiting 
the reactor, suggesting the retention of phosphorus by the catalysts despite regeneration. Table 
5.1 presents results obtained from the elemental analysis of 15 NiA, which confirmed the 
presence of phosphorus on the poisoned and regenerated catalysts. The minor variations in the 
phosphorus compositions is an effect of different batches of poisoned feed used during the 
poisoning study, which might have had slight variations in the TPP concentrations. The 
description of the catalyst at different stages in the process is also given in Table 5.1. 
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Table 5.1: Textural properties and elemental compositions on the fresh, used and poisoned 15 
NiA catalyst samples 









15 NiA   Fresh 14.5 - 176 7 
15 NiA-U   Used, non-
poisoned 
14.5 - 138 8 
15 NiA-P  Poisoned 14.6 1.6 143 17 
15 NiA-H  Hydrogen 
treatment 
regeneration 
14.2 1.5 126 19 
15 NiA-S  Octanol wash 
regeneration 
14.6 1.8 133 22 
15 NiA-SH  Combined 
regeneration 
14.7 1.9 130 13 
adetermined from TEM 
The similarities in the phosphorus weight loadings for 15 NiA-P, 15 NiA-H, 15 NiA-S and 15 
NiA-SH confirm that phosphorus was not removed from the catalyst by regeneration and was 
retained, despite the recovery of the catalytic activity, suggesting either the redistribution of 
phosphorus on the catalyst bed, or that regeneration may have induced the diffusion of 
phosphorus into the nickel bulk. This phenomenon  has been observed previously during  the 
synthesis of nickel phosphide nanoparticles using phosphine ligands as reported by Henkes et 
al. [23, 24]. 
In addition to the ICP data, the data for BET analysis also showed changes in the physical 
properties of the catalyst. The BET surface area analysis results showed a decrease in the 
surface areas of the used, poisoned and regenerated catalysts, indicating the deposition of 
carbonaceous species [25]. The decrease in the surface areas also suggests sintering of the 
active phase, which would result in the blockage of pores, and, hence, a lower surface area. 
This was confirmed by particle size analysis using TEM, which showed notable agglomeration 
of the Ni active phase.  
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Thermal analysis was carried out under an oxygen atmosphere, and the results (Figure A3, 
Appendix) showed that all used catalysts had a mass loss of 3 % in the temperature range of 
100 °C, due to the desorption of physisorbed water. The major mass loss for all catalysts 
occurred at 200 °C, which was shown by mass spectrometry to be due to the combustion of 
carbonaceous species deposited on the catalyst. The 15 NiA-U (non-poisoned) catalyst gives a 
relatively large CO2 peak, at mass 44, compared to both 15 NiA-H (hydrogen treatment 
regeneration) and 15 NiA-SH (combined regeneration). The non-poisoned catalyst (15 NiA-U) 
underwent the largest weight loss compared to the other catalysts, suggesting the deposition of 
more carbonaceous species compared to the other used catalysts.  
The changes in the acidity of the catalysts could not be quantified with the temperature 
programmed desorption of n-propylamine (Figure A2), suggesting the changes occur in situ. 
However, the disappearance of the peaks at 310 °C and 435 °C for 15 NiA and the appearance 
of sharper peaks at approximately 270 °C for both 15 NiA-H and 15 NiA-SH indicates a change 
in the acid-base properties, induced by the exposure of the catalyst to triphenylphosphine. It 
was hypothesized that triphenylphosphine interacts with the alumina support to form an 
aluminium phosphate phase, which resulted in the changes in the acid/base properties of the 
catalyst after deactivation. 
To confirm the presence of AlPO4, the catalyst samples were characterised using Fourier 
transform infrared spectroscopy. From the results in Figures A5-A9 (Appendix), the spectra of 
the poisoned and regenerated catalyst samples (Figure A7-A9) differ from the spectra of the 
non-poisoned 15 NiA sample (Figure A5-A6) by the presence of a broad band at approximately 
1100 cm-1. This band is attributed to the P-O stretching vibrations that are characteristic of 
AlPO4 [18, 26]. 
Further characterisation was then carried out to observe structural changes induced by the 
exposure of the catalyst to phosphorus, and to confirm agglomeration of the active nickel phase.  
5.2.3.2 Structural analysis of the poisoned and regenerated catalysts 
Structural analysis was performed using XRD, TEM and HRTEM to determine the 
morphological and bulk changes induced by the interaction of phosphorus with nickel. The 




5.2.3.2.1 Powder X-ray diffraction and Magnetic measurements 
The bulk phase analysis of the poisoned/regenerated catalysts was performed using powder X-
ray diffraction to observe any phase changes induced by poisoning of the catalyst with 
phosphorus. As shown in Figure 5.6, there are no distinguishable peaks that can be attributed 
to the formation of a distinct nickel phosphide phase. This suggests that if the reaction between 
nickel and phosphorus resulted in the formation of a nickel phosphide phase, it was largely 
amorphous or in a concentration that is below the detection limit of this technique [27].  
 
Figure 5.6: Powder X-ray diffraction patterns of the reduced, poisoned, and regenerated 15 
NiA catalysts 
Magnetic measurements were performed on the reduced, poisoned, and regenerated catalysts 
to gain further insight into the interaction between Ni and P. Metallic nickel is ferromagnetic, 
whereas doping nickel with phosphorus has been shown to decrease its magnetism, depending 
on the amount of phosphorus. As indicated by the magnetic hysteresis loops in Figure 5.7, the 
(reduced) 15 NiA catalyst gave a saturation magnetization of 4.0 emu/g, while 15 NiA-P, 15 
NiA-H and 15 NiA-SH samples gave magnetizations of 0.9, 1.3, 0.9 and 1.3 emu/g 
respectively. 
The lower saturation magnetization of the poisoned and regenerated catalysts indicates an 
interaction between Ni and P. This means the catalyst loses its ferromagnetism and becomes 
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paramagnetic, a quality that has been observed during the synthesis of nickel phosphide 
nanoparticles from a reaction of nickel nanoparticles with trioctylphosphine as a phosphorus 
source [17, 28, 29]. The catalyst does not lose its ferromagnetism entirely, suggesting that not 
all the nickel reacts with phosphorus, and some may remain in a metallic state. A study by 
Chen et al. [17] found that the degree of interaction between Ni and P was dependent on the 
temperature at which phosphorised Ni/SiO2 samples that were exposed to a solution of 
triphenylphosphine were treated with hydrogen. For instance, the higher the temperature, the 
more Ni interacted with P, leading to a lower saturation magnetization.  
 
Figure 5.7: Magnetic hysteresis loops on 15 NiA, 15 NiA-P, 15 NiA-H, 15 NiA-S and 15 NiA-
SH at room temperature 
5.2.3.2.2 Transmission electron microscopy 
The distribution of nickel on the support was studied with transmission electron microscopy to 
observe any changes in the morphology of the active phase. From Figure 5.8, notable 

































contaminated feed. The observed agglomeration significantly affected the average particle 
diameters of the active phase throughout the catalyst samples, as they were larger than the 
particle sizes of NiO on 15 NiA and the nickel particle sizes on 15 NiA-U. This suggests that 
phosphorus induced sintering of the active nickel phase, an observation also reported by Sezer 
and Celik [30], and Demircan et al. [31]. 
 
Figure 5.8: TEM images showing agglomeration of Ni on A) 15 NiA, B) 15 NiA-U, C) 15 
NiA-P, D) 15 NiA-H, E) 15 NiA-S and F) 15 NiA-SH 
Although the mechanism is not entirely understood, sintering possibly occurs via Ostwald 
ripening, induced by the formation of soluble nickel-phosphorous species, through etching of 
the Ni active phase by the high concentration of triphenylphosphine in the feed [32]. The 
dissolved nickel-phosphorous species are then deposited on Ni particles that serve as nucleation 
sites for the aggregation of the active phase [33]. Despite the larger cluster size observed for 
the 15 NiA-H sample in Figure 5.8, the 15 NiA-S underwent sintering to a greater extent, since 
the average particle size diameter was determined to be 22 nm, as presented in Table 5.1. Thus 
sintering, in addition to poisoning, may have also contributed towards the deactivation of 15 
NiA, and the lower catalytic activity recovered after regeneration may be due, in part, to the 
loss of active metal surface area that was caused by the observed sintering. 
5.2.3.2.3 High resolution transmission electron microscopy 
The high-resolution transmission electron microscopy images were obtained for the poisoned 
and regenerated catalysts, and are presented in Figure 5.9. The insets show the images obtained 
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at a lower magnification, to show the morphology of the active phase on the poisoned and 
regenerated catalyst. The images showed the presence of crystallised nickel phosphide 
particles. 
 
Figure 5.9: HRTEM images and corresponding selected area electron diffraction patterns 
obtained for A) 15 NiA-P, B) 15 NiA-H and C)15 NiA-SH  
The 15 NiA-P catalyst had a lattice spacing of 0.243 nm, which corresponds to the (2 1 0) plane 
of a phosphorus rich NiP2 phase [34]. The d-spacing value of 0.2053 nm on the 15 NiA-H 
catalyst corresponds to the (2 0 1) plane of Ni2P, while the lattice spacing (0.2006 nm) on 15 
NiA-SH corresponds to the (2 1 0) plane of Ni2P [17, 35, 36]. The selected area electron 
diffraction patterns have spotty ring structures, which may indicate that the nickel phosphide 
phase is crystalline [37].  
5.2.3.3 Relationship between Ni and P in the poisoned and regenerated catalysts 
The selectivity profiles observed during the poisoning of the catalyst (Zone B, Figure 5.2) 
suggests non-selective deposition of phosphorus over both the metallic and support active sites, 
whereas the phosphorus seemed to migrate to residual nickel sites when the clean feed was 
reintroduced, resulting in further catalyst deactivation. This suggests a change in the 
phosphorus distribution on the catalyst surface. Furthermore, elemental analysis showed the 
retention of phosphorus on the catalyst bed even after regeneration, despite the restoration of 
activity and octanol selectivity by the octanol wash and the combined regeneration.  
To that effect, HAADF STEM-EDX analyses of the regenerated catalysts were conducted to 
obtain a semi quantitative measure of the phosphorus surface content for the different catalyst 
samples, with the poisoned catalyst serving as a reference. The line scans and corresponding 
ratios of the nickel and phosphorus surface concentrations were obtained for 15 NiA-P, 15 
NiA-H, 15 NiA-S and 15 NiA-SH and are presented in Figure 5.10. The semi-quantitative 
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analysis showed a variation in the surface atomic ratios of phosphorus and nickel. The typical 












Figure 5.10: Variations in the P/Ni surface ratio of A) 15 NiA-P, B) 15 NiA-H, C)15 NiA-S 
and D) 15 NiA-SH  
The hydrogen regenerated catalyst on average had the highest phosphorus concentration in 
relation to nickel, whereas the combined regeneration had the lowest. This may explain the 
observed catalytic activity and octanol selectivity obtained after each regeneration method. 
After hydrogen regeneration, it was observed that the catalytic activity and octanol selectivity 
were momentarily recovered, but both the activity and selectivity declined, accompanied by a 
corresponding increase in the C24 acetal selectivity. This was attributed to the secondary 
poisoning of the catalyst by adsorbed phosphine species on the support, but could also suggest 
the diffusion of phosphorus from the nickel bulk due to solubility limitations of phosphorus in 
nickel [27, 32], leading to further poisoning of the catalyst. The higher surface concentration 
of phosphorus on 15 NiA-H could likely be due to the occurrence of both these mechanisms.  
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5.3 Deactivation and regeneration of 15 NiSi  
In a comparative study, the nickel on silica catalyst (15 NiSi) was poisoned during time on 
stream hydrogenation of octanal to octanol under the same reaction conditions as those used 
for the 15 NiA catalyst, and regenerated by hydrogen treatment, octanol washing, and a 
combined regeneration experiment. The aim was to understand the effects of metal particle size 
and the interaction between metal and support during poisoning, and the ease of catalyst 
regeneration.  
5.3.1 Influence of TPP as poison on the catalytic activity of 15 NiSi 
The activity profile of the 15 NiSi catalyst before, during and after poisoning is presented in 
Figure 5.11. The catalyst stability was first evaluated for the hydrogenation of clean feed, where 
the conversion prior to poisoning was 96 % and the octanol selectivity was 87 %, as shown in 
Zone A. The predominant by-product was the C16 diol. The introduction of poisoned feed led 
to a gradual decline in the conversion. Over time, the octanol selectivity increased, and the by-
product selectivity decreased slightly. This behaviour of increasing octanol selectivity with 
decreasing conversion suggests non-selective adsorption of the poison on the catalyst surface. 
The decrease in by-product selectivity indicates deactivation of the support active sites, in 
addition to the deactivation of the nickel sites. The conversion stabilises at 20 % since some Ni 
sites remain active, possibly due to the steric hindrance of the TPP molecule. 
 
Figure 5.11: Activity profile before (Zone A), during (Zone B) and after exposure of the 15 
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The reintroduction of clean feed (Zone C), after the poisoning experiment, did not reverse the 
loss of activity. There was a slight increase in the by-product selectivity, accompanied by a 
corresponding decline in the selectivity towards octanol, suggesting the cleaning of active sites 
on the support and transport of adsorbed phosphorus species from the support onto nickel sites. 
The conversion did not decline further after the reintroduction of clean feed, and the decrease 
in octanol selectivity was not as pronounced as that observed for the alumina supported catalyst 
(cf. Figure 5.2, Zone C). 
5.3.2 Regeneration of 15 NiSi 
Regeneration experiments were performed similarly to the 15 NiA experiments. The 
regeneration of the 15 NiSi catalyst was performed in order to observe the differences in the 
catalytic activity recovery in comparison to 15 NiA, as well as to relate how the characteristics 
of each of the supports, such as acidity and the strength of the metal support interaction, 
influenced the extent of the recovery of the catalytic activity.  
5.3.2.1 Regeneration with hydrogen 
From Figure 5.12, the percentage recovery achieved after hydrogen regeneration was low. 
Furthermore, the octanol selectivity gradually declined from 86 % to 73 % over a period of ten 
hours, while the C24 acetal selectivity slightly increased to 17 %. 
 
Figure 5.12: Activity profile of 15 NiSi before and after regeneration with hydrogen: (C) clean 
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The octanol selectivity, after regeneration with the hydrogen treatment, was slightly lower than 
the selectivity that was displayed by the catalyst before regeneration, suggesting loss of nickel 
sites after regeneration. The loss is possibly due to the transport of phosphorus from the support 
onto cleaned nickel sites, which indicates that the hydrogen regeneration was not very effective 
in removing phosphorus species from the support.  
5.3.2.2 Regeneration with octanol 
The results for the activity and selectivity over 15 NiSi, after solvent regeneration, are 
presented in Figure 5.13. The recovered activity using the octanol wash was much higher 
compared to the results obtained with the hydrogen regeneration. The octanol selectivity did 
not decrease after regeneration, and was similar to that observed prior to deactivation. The 
conversion was recovered to a significant extent, from 19 % to a value of 63 %. 
 
Figure 5.13: Activity profile of 15 NiSi before and after regeneration with octanol: (C) clean 
feed before regeneration, (D) regeneration step, (EII) clean feed after regeneration 
The combined regeneration was attempted to establish if the conversion could be further 
improved when compared to the solvent only washing procedure, as well as to determine 
whether the solvent and hydrogen regeneration have a synergistic effect when performed 
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5.3.2.3 Combination of solvent washing and hydrogen treatment 
The combined regeneration experiment resulted in an improved recovery of the catalytic 
activity. This can be observed in Zone EIII, Figure 5.14. The octanol selectivity of the 
regenerated catalyst was similar to that of the non-poisoned catalyst (cf. Figure 5.11, Zone A). 
Although the conversion of the regenerated catalyst was still lower than the conversion of the 
non-poisoned catalyst, it was higher than when just the solvent washing was used. Thus, by 
using the combined regeneration method, the octanol selectivity was almost fully recovered. 
The correspondingly low C24 acetal selectivity suggests that the support does not react with the 
phosphorus to form more, or stronger acidic sites, while the stable octanol selectivity indicates 
that the catalyst does not undergo secondary poisoning. 
 
Figure 5.14: Activity profile of 15 NiSi before and after regeneration with octanol and 
hydrogen: (C) clean feed before regeneration, (D) regeneration step, (EIII) clean feed after 
regeneration  
5.3.3 Characterisation of the poisoned and regenerated 15 NiSi catalyst 
The effects of phosphorus on the structural properties of the catalysts were investigated by 
employing various characterisation techniques. The properties of the used catalysts (poisoned 
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5.3.3.1 Physicochemical properties 
Phosphorus and nickel on the used catalysts were quantified using ICP-OES to establish if any 
loss of the active phase occurred, via leaching, as well as to investigate the effectiveness of 
each regeneration experiment in the removal of phosphorus. From the amounts of nickel and 
phosphorus shown in Table 5.2, it was concluded that no loss of nickel occurred via leaching. 
Additionally, the phosphorus content of the regenerated catalyst samples similar to that of the 
poisoned catalyst. This suggests that regeneration was not effective in removing phosphorus 
from the catalysts. Analysis of the octanol washings from the regeneration experiment by ICP-
OES also did not show any traces of phosphorus, which suggests the retention of phosphorus 
despite regeneration.  
Table 5.2: Ni and P compositions and physicochemical properties of the fresh, used and 
poisoned 15 NiSi catalyst samples 





15 NiSi  Fresh 14.7 - 99 65 
15 NiSi-U Used, non-
poisoned 
14.8 - 77 40 
15 NiSi-P Poisoned 14.8 2.7 77 71 
15 NiSi-H Hydrogen 
treatment 
regeneration 
14.9 2.8 79 64 
15 NiSi-S Octanol wash 
regeneration 
14.8 2.5 88 72 
15 NiSi-SH Combined 
regeneration 
14.9 2.5 87 65 
adetermined from TEM 
In addition, results from surface area analyses showed that the BET surface areas of the used 
catalysts did not decline to a significant extent, suggesting a minimum adsorption of 
carbonaceous species on the catalyst surface. Thermal analysis of the used catalysts showed 
that the catalysts experienced two major weight losses, and the results are presented in Figure 
A4 (Appendix). The first weight loss of about 2 % occurred around 100 °C, and was attributed 
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to the desorption of physisorbed water. The second weight loss occurs around 300 °C, and was 
attributed to the combustion of adsorbed carbonaceous species. The catalysts also underwent a 
weight gain around 350 °C, attributed to the possible oxidation of the metallic nickel and/or the 
NixPy phase. 
5.3.3.2 Structural analysis of 15 NiSi  
The influence of the poison on the catalyst properties was investigated further by 
characterisation to probe the effects of the poison on the structural and bulk phase composition 
of the catalyst. The 15 NiSi catalyst samples underwent similar characterisation to the 15 NiA 
catalyst. 
5.3.3.2.1 Powder X-ray diffraction and magnetic measurements 
The powder X-ray diffraction analyses of the reduced 15 NiSi catalyst, the poisoned, and 
regenerated catalysts were performed to observe phase changes induced by the exposure of the 
catalyst to the phosphorus poison. From the results presented in Figure 5.15, there is a distinct 
difference between the XRD pattern of the reduced 15 NiSi catalyst and the poisoned catalyst. 
The XRD pattern of the reduced 15 NiSi catalyst shows peaks at 2θ values of 45°, 52° and 77° 
that correspond to Ni crystalline phases with (1 1 1), (2 0 0) and (2 2 0) planes (JCPDS file 04-
0850) [38, 39], while there is also a peak at 36° that corresponds to the presence of NiO (1 1 
1) plane (JCPDS file 78-0429) due to passivation [39].  
The peaks corresponding to the (2 0 0) and (2 2 0) Ni0 planes are significantly diminished for 
the poisoned and regenerated catalysts, while the overall peak intensity has decreased, 
indicating a reduction in the amount of Ni0. Furthermore, XRD patterns corresponding to the 
Ni2P phase (JCPDS file 65-1989) are seen [28, 29, 40].  The Ni2P planes present for the 
poisoned and regenerated catalysts correspond to the (1 1 1), (2 0 1), (2 1 0) and (3 0 0) crystal 
phases at 2θ values of 43°, 45°, 48°, and 56.5° respectively. The presence of the peaks 
corresponding to the Ni0 phase on the regenerated catalyst XRD diffractograms indicates the 
existence of some metallic Ni, albeit in small amounts [17, 36]. This suggests that there is a 
reaction of the supported nickel particles with phosphorus, forming a nickel phosphide phase. 
However, not all of nickel reacts with phosphorus. According to Wang et al. [41], larger Ni 
particles do not completely react with phosphorus. Hence, the presence of metallic Ni is 




Figure 5.15: XRD patterns of the reduced 15 NiSi catalyst, 15 NiSi-P, and the 15 NiSi catalysts 
after undergoing regeneration experiments [28, 29, 42] 
Magnetic properties of the reduced 15 NiSi and poisoned catalysts were obtained using a 
Vibrating Sample Magnetometer. The saturation magnetization decreased for the poisoned and 
regenerated catalysts, similar to the behaviour observed for the 15 NiA catalysts, indicating an 
interaction between Ni and P. The saturation magnetization of the non-poisoned catalyst was 
2.3 emu/g, while it was 1.8 emu/g, 1.2 emu/g, 1.6 emu/g and 1.5 emu/g for 15 NiSi-P, 15 NiSi-
H, 15 NiSi-S and 15 NiSi-SH respectively. The catalysts did not lose their ferromagnetic 
character, which suggests that not all nickel reacts with phosphorus. This is in agreement with 




Figure 5.16: Magnetic hysteresis loops on 15 NiSi, 15 NiSi-P, 15 NiSi-H, 15 NiSi-S and 15 
NiSi-SH at room temperature 
5.3.3.2.2 Transmission electron microscopy 
Transmission electron microscope images are presented in Figure 5.17. The average Ni particle 
size was determined to be around 40 nm for 15 NiSi-U, 65 nm for 15 NiSi, 15 NiSi-H and 15 
NiSi-SH, 71 nm for 15 NiSi-P and 72 nm for 15 NiSi-S. The particle sizes of 15 NiSi were 
larger than the 15 NiSi-U sample, likely because the latter was reduced. The Ni particles for 15 
NiSi-P and 15 NiSi-S have an amorphous appearance, and the morphology of the particles is 
not clearly defined. The sintering of the active phase is also more apparent on the 15 NiSi-S 
sample, as observed from the larger average particle size observed for this sample in Figure 
5.17 E, and Table 5.2.  
The lower conversion observed for 15 NiSi-S after regeneration is attributed to the loss of 
active nickel surface due to the agglomeration of the active phase. This results in a lower 


































The agglomeration is possibly induced by the solvent, via Ostwald ripening. On the other hand, 
agglomeration was not observed for the 15 NiSi-SH catalyst due to the second stage 
regeneration being performed under the flow of hydrogen gas. Heating the catalyst under a 
flow of hydrogen may have induced an annealing process that resulted in the crystallization of 
the Ni2P phase [17, 27]. This has also been observed by Chen et al. [17], who reported the 
crystallization of nickel phosphide nanoparticles by heating at 300 °C under a flow of 
hydrogen. 
 
Figure 5.17: TEM images obtained for A) 15 NiSi, B) 15 NiSi-U, C) 15 NiSi-P, D) 15 NiSi-H, 
E) 15 NiSi-S and F) 15 NiSi-SH 
The crystallization of Ni2P is favoured by the hydrogen atmosphere, which enables the 
reduction of triphenylphosphine via hydrogenolysis to a more reactive form such as phosphine, 
that reacts easier with the nickel to form the Ni2P crystalline phase [23]. According to Chen et 
al. [17], the use of nitrogen gas was not as effective in the formation of crystalline Ni2P, but it 
is possible [17, 23, 43].  
5.3.3.2.3 High resolution transmission electron microscopy 
High resolution transmission electron microscopy images, presented in Figure 5.18 A-C, were 
obtained for 15 NiSi-H, 15 NiSi-S and 15 NiSi-SH catalysts. The insets show the morphology 
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of the catalyst particles at lower magnifications. Selected area electron diffraction patterns were 
also obtained to determine the crystallinity of the Ni2P phase present in the catalysts. 
Measurements of the lattice fringes observed corresponded to the d-spacing values of nickel 
phosphide phases.  
The d-spacing value on the 15 NiSi-H  catalyst (Figure 5.18 A) was determined to be 0.25 nm, 
corresponding to the (0 0 2) crystallographic plane of Ni12P5 [44]. The Ni12P5 phase sometimes 
co-exists with Ni2P, and is sometimes a precursor for Ni2P, which forms with heating at higher 
temperatures [45]. The 15 NiSi-S (Figure 5.18 B) and 15 NiSi-SH (Figure 5.18 C) catalysts 
have d-spacing values of 0.19 nm each, corresponding to the (2 1 0) crystallographic plane of 
the Ni2P phase [17, 29, 46]. The selected area electron diffraction pattern of 15 NiSi-H and 15 
NiSi-S indicate that these two samples are mostly amorphous, although the spots on the 15 
NiSi-S suggest that the catalyst may also possess some isolated crystalline phases. The pattern 
for15 NiSi-SH has a spotty ring structure, indicating that the Ni2P phase is crystalline [37, 47].   
 
Figure 5.18: HRTEM images and selected area diffraction patters obtained for A)15 NiSi-H, 
B)15 NiSi-S and C) 15 NiSi-SH 
Both the 15 NiSi-H and 15 NiSi-SH catalysts have more defined Ni2P particles compared to 
the 15 NiSi-S catalyst. This is due to the hydrogen treatment at high temperatures inducing an 
annealing effect on the amorphous Ni2P phase, resulting in well-formed crystalline particles 
[17, 27, 48, 49]. From Figure 5.18 A, the 15 NiSi-H catalyst appears to have regularly shaped 
nickel phosphide particles, while in Figure 5.18 B (and inset image), the Ni2P particles for the 
15 NiSi-S catalyst seem to be amorphous and appear clustered together. However, some of the 
particles are crystalline, since lattice fringes were observed in some regions of the samples 
[28]. The Ni2P particles for the 15 NiSi-SH catalyst (Figure 5.18 C) also appear to have a 
regular, spherical shape.  
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5.3.3.4 Relationship between Ni and P in the poisoned and regenerated catalysts 
From the regeneration experiments, it was established that the hydrogen treatment was not 
effective in recovering the catalytic activity and octanol selectivity, and displayed a higher C24 
acetal selectivity, suggesting an increase in the catalyst’s Brønsted acidity. On the other hand, 
the solvent wash regeneration and the combined regeneration were more effective in recovering 
activity and the octanol selectivity. The increase in acidity brought about by the exposure of 
the catalyst to phosphorus was reversed by these two regeneration experiments. To that effect, 
the relationship between nickel and phosphorus in the poisoned and regenerated catalysts was 
established using SEM-EDX and STEM-EDX to observe any differences in the surface 
distribution of Ni and P on the surface of the regenerated catalysts. 
5.3.3.4.1 Scanning electron microscopy-electron dispersive X-ray spectroscopy 
The SEM BSE-EDX maps, presented in Figure 5.19, show phosphorus to be mostly associated 











Figure 5.19: SEM-EDX element maps showing the relationship between Ni and P on A) 15 
NiSi-P, B) 15 NiSi-H, C) 15 NiSi-S and D) 15 NiSi-SH 
For the poisoned catalyst, the blue colour, which represents the phosphorus map, is quite 
distinctive in certain areas of the 15 NiSi-P element map, while for the regenerated catalysts, 
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the colour is homogenised with green, which is the colour indicating nickel on the element 
map. From the maps, there is no indication of an interaction between phosphorus and the silica 
support, since there are distinct unoccupied areas of silica. The individual element maps are 
shown in Figure A15-A18 (Appendix). 
5.3.3.4.2 Scanning transmission electron microscopy 
STEM-EDX analysis show a variable P:Ni surface ratio of the poisoned and regenerated 
catalysts, as presented in Figure 5.20. The poisoned catalyst has a higher surface composition 
of phosphorus, and the Ni: P ratio was determined to be 2:1. The hydrogen regenerated catalyst 
had a variable nickel-phosphorus composition, whose average ratio of P:Ni was 1:3. The 15 
NiSi-S and 15 NiSi-SH had similar average phosphorus surface compositions, with P:Ni 












Figure 5.20: Variations in the P/Ni surface ratio of A) 15 NiSi-P, B)15 NiA-H and C) 15 NiSi-
S and D) 15 NiSi-SH  
5.4 Comparison between 15 NiA and 15 NiSi 
Characterisation showed that the dispersion of nickel was higher on the alumina support 
compared to the silica support, which was attributed to the stronger interaction between the 
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alumina support and nickel, while the weaker MSI of nickel on silica resulted in a poor metal 
dispersion, and, hence, larger nickel clusters on the silica support. The silica supported catalyst 
was found to have a higher degree of reduction compared to the alumina supported catalyst, as 
shown by chemisorption analysis results in Table 4.2. The catalytic data and characterisation 
results indicated a difference in the interaction of triphenylphosphine with each of the two 
catalysts. 
5.4.1 Relationship between the catalysts and triphenylphosphine  
The adsorption of triphenylphosphine on both catalysts was found to be non-selective, since 
poisoning only affected the catalytic conversion, while the octanol selectivity remained 
unaffected [13]. Phosphorus has been observed to adsorb on both the active metal and support 
by McCue et al. [50], while Baltusis et al. report the weak adsorption of phosphorus species 
such as trimethylphosphine and phosphates on the Lewis and Brønsted acidic sites of alumina 
[51]. Sawhill et al. [52] have reported the weak adsorption of  phosphorus species on silica 
which, however, only pertained to interaction between silica and phosphate species, and does 
not mention triphenylphosphine. Catalytic results indicated that the adsorption of 
triphenylphosphine occurred on both the Ni sites, responsible for hydrogenation, and the active 
sites of the support which were responsible for the formation of by-products. 
Triphenylphosphine adsorbs dissociatively on nickel at low coverages, but physisorbs non-
dissociatively on both nickel and the support at higher coverages, leading to multilayer 
coverage over time [30, 53-55]. Dissociation of the phosphines proceeds via the Ni catalysed 
P-C bond cleavage, which could occur via hydrogenolysis in the presence of hydrogen [17]. 
The liberated phosphorus reacts with surface nickel atoms to form an amorphous nickel 
phosphide phase, which is reported to be catalytically inactive for the adsorption and 
dissociation of molecular hydrogen [17, 56, 57]. However, crystalline nickel phosphide has 
been shown to be catalytically active for hydrodesulphurization [52, 58, 59] and 
hydrodeoxygenation [60, 61] reactions. 
The interaction between the catalyst and the poison differs for each support. For instance, 
alumina is reported to interact strongly with phosphorus, leading to the formation of acidic 
AlPO4 on the surface of the support. This has been found by Li et al., [62] who reported that 
doping of an alumina supported nickel catalyst resulted in an increase in the concentration of 
acid sites on the catalyst. The FTIR spectra obtained for the poisoned and regenerated 15 NiA 
catalyst also indicated the possible presence of AlPO4 due to the appearance of broad bands in 
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the spectra of these catalysts, which are centred in the IR region that is attributed to the 
stretching vibrations of a P-O species [18]. The postulated interaction between the 15 NiA 
catalyst and triphenylphosphine is presented in Scheme 5.4. The reaction between alumina and 
phosphorus contributed to the high C24 acetal selectivity observed for the 15 NiA catalyst even 
after regeneration. 
 
Scheme 5.4: Proposed interaction of triphenylphosphine with nickel particles and the 15 NiA 
catalyst 
For the silica supported catalyst, phosphorus is weakly adsorbed on the support surface and 
does not react with the support. However, the phosphorus may undergo oxidation by water, 
resulting in the formation of oxidised species weakly adsorbed on the support [20, 63]. These 
oxidised species may be weakly acidic [63], contributing to the acetal formation observed in 
Figure 5.11, Zone C. The proposed interaction between the poison and the silica supported 
catalyst is presented in Scheme 5.5. 




An important observation is the change in the behaviour of triphenylphosphine during 
adsorption, and after interacting with nickel under reducing conditions. Initially, 
triphenylphosphine is a non-selective poison that uniformly deactivates the catalyst. However, 
on contact with the catalyst, triphenylphosphine is converted to reduced species that selectively 
deactivate nickel active sites, while increasing the selectivity of by-products [64]. This is more 
pronounced for the 15 NiA catalyst, as observed from Figure 5.2, Zone C. The conversion of 
triphenylphosphine was indicated by the presence of unidentified products in the GC 
chromatographs of the product streams and octanol washings (Figure A22-A26), which were 
possibly formed from the decomposition of TPP on contact with nickel. 
5.4.2 Comparison of 15 NiA and 15 NiSi  
Exposure of both catalysts to feed contaminated with triphenylphosphine led to a decline in 
their catalytic activity. The 15 NiA catalyst required 38 hours to deactivate on stream, while 
the 15 NiSi catalyst required 50 hours for its activity to decline to the same extent as the 15 
NiA catalyst. The flow of the poisoned feed into the reactor was stopped when 
triphenylphosphine was detected by GC-FID in the product streams.  
Both catalysts were regenerated under similar conditions. All regeneration experiments 
recovered catalytic activity to varying degrees. Figure 5.21 provides a comparison of the steady 
state activity and selectivity of 15 NiA and 15 NiSi after regeneration with the hydrogen 
treatment. The hydrogen treatment regeneration experiment recovered the least activity and 
octanol selectivity, while the combined regeneration was the most effective, since it resulted in 
the highest recovery of the catalytic activity and octanol selectivity. The effectiveness of each 
regeneration experiment also varied for each of the supports used. The regeneration of 15 NiA 
with the hydrogen treatment did not recover the octanol selectivity, which, instead, decreased 
to 24 %, while the C24 acetal selectivity increased to 69 %. Although the regeneration of 15 
NiSi with the hydrogen treatment resulted in a conversion lower than that of 15 NiA, octanol 
still remained the primary product, with a selectivity of 73 %, whilst the C24 acetal selectivity 
was 17 %.  
Figure 5.22 provides a comparison of the steady state activity and selectivity of 15 NiA and 15 
NiSi after regeneration with the octanol wash. Regenerating the catalysts by washing with 
octanol led to an improvement in the recovered activity. For 15 NiA, the octanol selectivity 
achieved with this technique was an improvement, compared to that achieved with the 
hydrogen treatment. The octanol selectivity after regeneration was 61 %, while the acetal 
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selectivity was 33 %. The conversion was also slightly higher, with the steady state conversion 
being 55 %. The recovered conversion and selectivity were also improved by the octanol wash 
for 15 NiSi. The steady state conversion was 63 %, while the octanol selectivity was 86 %, 
which was similar to the octanol selectivity of the non-poisoned catalyst.  
 
Figure 5.21: Comparison of the steady state conversion and selectivity recovered using the 
hydrogen treatment regeneration for the 15 NiA and 15 NiSi catalysts 
 
Figure 5.22: Comparison of the steady state conversion and selectivity recovered using the 
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The combined regeneration was found to be the most effective for both catalyst systems, as 
shown in Figure 5.23. For 15 NiA, the conversion recovered was similar to that recovered with 
the octanol wash (54 %), while there was an improvement in the recovery of the octanol 
selectivity, which was 77 %. For 15 NiSi, the octanol selectivity was 86 %, which is similar to 
that obtained with the octanol wash, while there was an improvement in the conversion (76 %), 
compared to that obtained with the octanol wash, which was 63 %.  
 
Figure 5.23: Comparison of the steady state conversion and selectivity recovered using the 
combined regeneration for the 15 NiA and 15 NiSi catalysts 
The activity of the non-poisoned 15 NiA catalyst and the activity recovered with the different 
regeneration techniques for this catalyst are compared in Figure 5.24. When compared to fresh 
15 NiA, the conversion and octanol selectivity recovered by the different regeneration 
techniques was still lower than the activity of the non-poisoned catalyst, although the combined 
regeneration improved the recovery of the octanol selectivity. However, the C24 acetal 
selectivity remained significantly high despite regeneration.  
The silica supported catalyst was more successfully regenerated compared to the alumina 
catalyst as shown in Figure 5.25, since there was a significant improvement in the recovered 
activity. The octanol selectivity, recovered with the octanol wash and combined regeneration 
experiments, was similar to that of the non-poisoned catalyst. The catalytic conversion was 
also recovered to a significant extent. Furthermore, the C24 acetal selectivity was lower after 
the combined regeneration experiment, indicating that the acid/base properties of the 15 NiSi 


































Figure 5.24: Comparison between the activity of the non-poisoned 15 NiA catalyst, and the 
activity that was recovered using the different regeneration techniques 
 
Figure 5.25: Comparison between the activity of the non-poisoned 15 NiSi catalyst, and the 
activity that was recovered using the different regeneration techniques  
The results of the elemental analysis shown in Tables 5.1 and 5.2 showed that the catalysts 
retained phosphorus even after regeneration. The 15 NiSi catalyst was found to retain more 
phosphorus compared to 15 NiA. This is attributed to the longer time on stream it took for 15 
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The phosphorus uptake was lower for the 15 NiA catalyst due to the shorter time that was 
required for the catalyst to deactivate, as opposed to 15 NiSi. This could be correlated to the 
metal support interaction. From the XRD and TPR results in Chapter four, it was concluded 
that the alumina interacts strongly with nickel. To that effect, the 15 NiA catalyst has a lower 
degree of reduction compared to the 15 NiSi catalyst, as shown by the oxygen titration results, 
presented in Table 4.2. A low uptake of phosphorus by a nickel catalyst supported on alumina 
has been reported by Wang et al. [65] during the synthesis of supported nickel phosphide 
catalysts using triphenylphosphine as a phosphorus source. The authors attributed the low 
phosphorus uptake by the alumina supported catalyst to the low reducibility of nickel on 
alumina, brought about by the strong interaction between the support and nickel. Hence, the 
catalyst was not completely reduced, meaning that some nickel species were not available to 
react with triphenylphosphine, leading to the low uptake of phosphorus. The effects of the 
incomplete reduction of a catalyst on the adsorption of poison has been reported previously 
[66].  
The 15 NiA catalyst was expected to be more robust against poisoning since the catalyst had a 
higher metallic surface area and metal dispersion, and hence, more catalytically active sites. In 
addition, alumina is known to delay deactivation of a catalyst by adsorbing and reacting with 
poisons such as sulphur and phosphorus, which minimises the amount of poison that adsorbs 
on the active metal and increases the catalysts’ tolerance of the poison  [67-69]. Therefore, 15 
NiSi was expected to deactivate faster, which was not the case.  In fact, the 15 NiSi catalyst 
proved more resilient, since it took a longer time on stream to deactivate, and was found to 
have a higher amount of retained phosphorus (Table 5.2), compared to 15 NiA. The higher 
poison uptake by 15 NiSi is attributed to the poor interaction between nickel and silica. This 
led to the presence of large Ni clusters on the silica support that were easier to reduce than 15 
NiA,  resulting in the availability of more nickel to react with phosphorus, whereas some of the 
nickel on 15 NiA was unavailable for reaction with phosphorus, due to it being present in an 
unreduced, oxide form [70-72]. However, this does not correlate with data obtained from 
hydrogen chemisorption, which showed that the 15 NiA catalyst had a higher metallic surface 
area compared to 15 NiA. From chemisorption data, it was expected that the 15 NiSi catalyst 
would react with less phosphorus, which was not the case, as seen from Tables 5.1. and 5.2. 
Geometric effects may have influenced the extent of poison uptake by both 15 NiA and 15 NiSi 
catalysts. Triphenylphosphine has bulky phenyl groups, that physically block the approach of 
reactants and other triphenylphosphine molecules towards the supported nickel particles [73-
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75]. Since 15 NiA has smaller nickel particles, it requires less triphenylphosphine for the nickel 
particles to be saturated, since the approach of reactants to smaller particles would be more 
sterically hindered, whereas the larger Ni clusters on 15 NiSi may be able to accommodate a 
greater number of TPP molecules, whilst still maintaining catalytic activity. This would enable 
a greater uptake of the poison by 15 NiSi. In addition, the 15 NiSi catalyst has a wider pore 
size distribution compared to 15 NiA, as shown in Figures A19 (Appendix). The larger pores 
on 15 NiSi potentially contribute to the higher uptake of phosphorus by the catalyst. 
The interaction between Ni particles on alumina and silica and triphenylphosphine is illustrated 
in Scheme 5.6, based on the assumption that the supported nickel particles are spherical. The 
adsorption of triphenylphosphine on the larger Ni particles on 15 NiSi may be at an angle that 
enables the adsorption of other triphenylphosphine molecules on the same particle, as well as 
the approach of octanal. This would then lend the 15 NiSi catalyst a measure of ‘robustness’ 
against poisoning, which could explain the longer time required for the 15 NiSi catalyst to be 
saturated with poison. 
 
Scheme 5.6: Scheme illustrating the steric effects of triphenylphosphine on its adsorption on 
the smaller Ni particles of 15 NiA, and how larger particles on 15 NiSi are able to accommodate 
a larger number of ligands  
Characterisation of the poisoned catalysts showed that phosphorus was largely associated with 
nickel, while there was a change in the phosphorus and nickel distribution on the catalysts 
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regenerated with hydrogen, both as a stand-alone, and as part of the combined regeneration 
experiments. Furthermore, characterisation of the poisoned and regenerated catalysts by XRD 
and, to a lesser extent, HRTEM, showed the presence of a nickel-phosphide phases on 15 NiSi. 
It was difficult to confirm which phosphide phase formed on 15 NiA, since the XRD 
diffractograms did not yield much information. However, HRTEM images suggested the 
presence of Ni2P on the regenerated catalysts.  Semi-quantitative analysis of the surface 
concentration of phosphorus on the catalyst surface by STEM -EDX analysis also showed that 
the phosphorus surface concentration decreased in the following order; poisoned catalysts > 
hydrogen regeneration > solvent wash regeneration > combined regeneration (15 NiA). For 15 
NiSi, the order was as follows; poisoned catalyst > hydrogen regeneration > solvent wash = 
combined regeneration. Magnetic measurements also confirmed the incorporation of 
phosphorus into nickel, indicated by the lower magnetic properties of the poisoned and 
regenerated catalysts, compared to the reduced catalysts. 
This, together with the results from the quantitative analysis of phosphorus and nickel, suggests 
that regeneration transformed metallic nickel into nickel phosphide species, instead of 
removing phosphorus. This has been previously reported for the synthesis of unsupported 
nickel phosphide nanoparticles, where nickel particles transformed into nickel phosphide 
through reaction with a solution consisting of trioctylphosphine or triphenylphosphine under a 
flow of inert gases, via a diffusion based mechanism [23, 24, 32, 44, 76]. 
From reported studies, the proposed regeneration mechanism infers that regeneration with 
hydrogen facilitates temperature assisted diffusion of phosphorus into the nickel bulk.  For the 
15 NiA catalyst, this would lead to the formation of a metastable NixPy phase due to solubility 
limitations of phosphorus in the small nickel particles on the support [32]. In addition, it is 
possible that regeneration with hydrogen leads to the displacement of phosphorus from nickel 
to the support [77], as depicted in Scheme 5.7. This would result in a number of nickel sites 
being cleaned, thereby enabling the hydrogenation of octanal to octanol. This inference is 
supported by the momentary recovery in the octanol selectivity and catalytic activity as 
observed in Figure 5.3, Zone EI.  
The subsequent decline in octanol selectivity and lower steady state conversion suggest a 
continued deactivation of the catalyst, which arises from the solvent (liquid feed) assisted 
redistribution of phosphorus from support onto previously cleaned nickel sites [77]. 
Furthermore, solubility limitations of phosphorus in nickel result in the diffusion of phosphorus 
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from the metastable nickel phosphide phase onto the nickel surface atoms under process 
conditions, which leads to re-poisoning of the regenerated nickel sites, as depicted in the 
simplified diagram in Scheme 5.7 [27, 32].  
 
Scheme 5.7: The proposed formation of a metastable NixPy phase brought about by the 
hydrogen induced diffusion of phosphorus into nickel, accompanied by the subsequent 
diffusion of phosphorus from the metastable phase under process conditions, leading to the 
formation of a more stable NixPy phase (possibly Ni2P), and secondary poisoning of the catalyst 
[27, 32]. 
The octanol selectivity over 15 NiSi-H did not decline to the same extent as over 15 NiA-H, 
which suggests that the diffusion of phosphorus out of the metastable NixPy phase was not as 
extensive as it was for 15 NiA due to the larger clusters of Ni on the silica support. The 
metastable NixPy species possibly only form on the smaller Ni particles. Even so, the reaction 
scheme presented in Scheme 5.7 is also applicable to the silica supported catalyst, apart from 
the reaction between phosphorus and the support. The corresponding increase in the C24 acetal 
selectivity over 15 NiSi is attributed to the oxidation of phosphorus on the surface NixPy phase 
by water  [78, 79]. This generates additional Brønsted acidic P-OH groups on the catalyst that 
catalyses  C24 acetal formation [63, 80, 81]. 
Washing with solvent resulted in a better recovery of the activity and octanol selectivity for 
both catalysts. It is believed that the solvent achieved this by a) cleaning the support and 
redistributing phosphorus onto unoccupied nickel sites, b) inducing the diffusion of phosphorus 
into nickel, [17, 49, 82] and c) dissolving soluble Ni-TPP complexes [83], which led to cleaning 
of nickel active sites, while also inducing the sintering of the active phase by Ostwald ripening, 
since the dissolved complexes do not necessarily leave the reactor, but are redeposited in the 
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catalyst bed. Cleaning of the support by the solvent prevents secondary poisoning of the 
catalyst by support adsorbed phosphorus.   
The combined regeneration of 15 NiA led to a significant improvement in the octanol 
selectivity, despite the recovered conversion being almost similar to that obtained using the 
solvent wash regeneration. The better octanol selectivity, and, hence, recovery in nickel active 
sites arises from a synergistic effect between the combined action of the solvent wash 
regeneration and hydrogen treatment. The solvent possibly facilitated the redistribution of 
phosphorus throughout the catalyst bed and/or nickel sites, leading to a more effective diffusion 
of phosphorus into nickel during the hydrogen treatment, which possibly resulted in the 
formation of more stable NixPy species. This prevented poisoning of the catalyst, induced by 
phosphorus solubility limitations, leading to an improvement in the recovery of catalytic 
activity and octanol selectivity. Furthermore, washing the silica support with solvent removed 
support adsorbed phosphorus species, preventing their migration back onto cleaned nickel 
sites. The higher octanol selectivity could also be related to the efficient crystallization of Ni2P, 
due to the longer regeneration time (greater than 24 hours) compared to the individual 
regeneration steps [33]. 
Although characterisation indicated the formation of nickel phosphide phases with 
regeneration, results from XRD showed that not all the nickel reacted with phosphorus, since 
some metallic nickel was detected by XRD in the case of 15 NiSi, and the P/Ni ratio was too 
low for the formation of pure Ni2P. Additionally, magnetization measurements showed an 
overall decrease in the saturation magnetization of the poisoned and regenerated catalysts, 
which suggests only a decrease in the ferromagnetic character of the nickel catalysts, but not a 
complete loss altogether. This is taken as an indication of the presence of metallic nickel, 
suggesting the presence of mixed NixPy and metallic Ni phases.  
The reaction of triphenylphosphine with metallic nickel particles can either result in the 
formation of core-shell nickel-phosphide particles (with a nickel phosphide core and a metallic 
nickel shell, or vice versa, depending on the author). These core shell particles have been 
reported in the synthesis of nickel phosphide nanoparticles by several authors. However, the 
expected shape is still in dispute. Carenco et al. [29] suggest the formation of a dense Ni2P core 
and a lighter Ni shell, although Zheng et al. [46] suggest the formation of a dense Ni core and 
a lighter Ni2P shell.  
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Alternatively, the nanoparticles could form a composite of metallic Ni and Ni2P, which forms 
from the crystallization of the amorphous NixPy phase into Ni2P and metallic Ni, resulting in 
Ni with nickel phosphide islands [27].  It is expected that regeneration induces the formation 
of these mixed phases, which explains the recovery of catalytic activity when the octanol wash 
and combined regeneration experiments were conducted. Images obtained from the HRTEM 
analysis did not provide sufficient proof to support the core shell hypothesis, whilst BSE-EDX 
analysis and STEM-EDX line scans showed varying nickel-phosphorus concentrations on 
different regions of the regenerated catalysts. This possibly indicates the presence of mixed 
Ni/Ni2P phases which formed from the crystallization of the amorphous nickel phosphide phase 
into Ni2P and Ni phases [27, 84].  
The results obtained with the solvent wash regeneration and the combined regeneration show 
that incorporation of the solvent washing step has a beneficial effect on the activity recovery. 
This is possibly due to the distribution of the poison throughout the catalyst bed, in addition to 
the cleaning of the support by the octanol. This would result in less phosphorus diffusing into 
the nickel bulk, since most of the poison is evenly distributed, resulting in a more effective 
diffusion of P into Ni. This possibly forms a more stable Ni2P phase, which does not lead to 
the re-poisoning of the catalyst.  
Further characterisation with transmission electron microscopy showed that exposure of the 
catalysts to phosphorus contaminated feed resulted in sintering of the active phase, which was 
more pronounced for the 15 NiA catalysts. This was also observed for the solvent regenerated 
15 NiSi catalyst. The lower activity after regeneration is an artefact of the sintering of active 
nickel, resulting in the loss of catalytically active surface that was not recovered with 
regeneration. However, the active phase on the silica supported catalyst did not sinter to a 
significant extent, as opposed to the alumina supported catalyst.  
The conversion over 15 NiSi-SH was still lower than that over the non-poisoned 15 NiSi 
catalyst. This was attributed to the sintering of the active phase, since the poisoned and 
regenerated catalysts have larger metal particles compared to the non-poisoned 15 NiSi sample, 
as determined from transmission electron microscopy measurement results in Table 5.2. 
From the results obtained in this study, the silica supported catalyst was more successfully 
regenerated. To that effect, the weak interaction between nickel and silica was beneficial as it 
resulted in the presence of Ni in large clusters on the silica support, which had a positive effect 
in the end as it led to a more phosphorus tolerant catalyst that was also effectively regenerated. 
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Furthermore, the weak interaction between silica and phosphorus was an added advantage, 
since the catalyst did not undergo secondary deactivation. This contributed towards the 
successful regeneration of the catalyst. 
5.4.3 Conclusions  
The results from this study showed that it was possible to recover the hydrogenation activity 
of nickel catalysts poisoned by phosphorus, during the hydrogenation of octanal. 
Triphenylphosphine was initially non-selective. However, dissociation and interaction of 
triphenylphosphine with the support and nickel resulted in the generation of new, more 
selective active sites, which was indicated by an increase in the selectivity of acid catalysed 
by-products. The extent of recovery of the activity depended on the type of support used, the 
interaction between metal and support, the regeneration experiment, the interaction between 
the poison and support, as well as the size of Ni clusters on the support. Furthermore, sintering 
was found to also contribute to the deactivation, and influenced the extent to which the catalysts 
could be regenerated. To that effect, the 15 Ni/SiO2 catalyst was more effectively regenerated 
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Chapter 6: Conclusions and recommendations 
The deactivation of supported metal catalysts with time has been cited as a prominent drawback 
in the application of heterogeneous catalysis for chemical transformations. Of all the 
deactivation mechanisms, poisoning is one of the more difficult processes to reverse. The 
deactivation of aldehyde hydrogenation catalysts by phosphorus poisoning has not been studied 
to a significant extent, which made it difficult to predict the effects of phosphorus on the 
behaviour and activity of the catalysts studied during the execution of this study. Previous 
studies into the deactivation of hydrogenation catalysts have extensively focused on the 
reversal of sulphur poisoning through regeneration, whereas phosphorus poisoning has only 
received attention in the study of solid oxide fuel cells and automotive catalysts. 
To that effect, this study was aimed at developing a feasible method for the regeneration of 
nickel based aldehyde hydrogenation catalysts. The catalysts were dispersed on two different 
supports (gamma alumina and silica) in order to observe their effects on the interaction between 
the active phase and the poison. The two catalysts prepared were characterised to observe their 
physicochemical characteristics, which differed significantly. The gamma alumina supported 
catalyst (15 NiA) had a higher metal dispersion and, hence, smaller nickel particles on the 
support, compared to the silica supported catalyst (15 NiSi). The higher metal dispersion on 
the 15 NiA catalyst led to a strong interaction between the metal and support, which meant that 
the catalyst required a higher reduction temperature. However, the intrinsic activities of both 
15 NiA and 15 NiSi were equivalent. 
Time on stream deactivation studies were conducted in a continuous flow, high pressure fixed 
bed reactor operated at a temperature of 140 °C, under 50 bars of hydrogen pressure. The 
hydrogenation of the aldehyde feed poisoned with triphenylphosphine led to the deactivation 
of the catalysts. The poison was observed to initially behave non-selectively, adsorbing on both 
the active metal and support sites. However, at the reintroduction of clean feed, the poison 
appeared to become more selective, migrating from the support to active metallic sites. This 
was attributed to the loss of phenyl groups and reduction of triphenylphosphine into a more 
reactive species. The interaction between the poison and catalyst differed across the two 
supports. The strong interaction between alumina and phosphorus resulted in the formation of 
AlPO4 which increased the acidity of the catalyst, and hence, the selectivity of the C24 acetal 
and other acid catalysed by-products, whilst lowering the octanol selectivity. In contrast, the 
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silica supported catalyst only interacted weakly with phosphorus, and thus did not have long 
term implications on the product selectivity. 
Regeneration resulted in the recovery of lost catalytic activity; however, this was largely 
dependent on the regeneration experiment conducted. The hydrogen treatment regeneration 
was not successful for both catalysts, resulting in a gradual decline in the octanol selectivity, 
accompanied by increase in the C24 acetal selectivity when the clean feed was reintroduced. 
Regeneration experiments incorporating the octanol wash resulted in a better recovery of the 
octanol selectivity, and decreased the C24 acetal selectivity, which was notable for both 15 NiA 
and 15 NiSi. Of the three regeneration experiments conducted, the combined regeneration was 
found to be most effective. 
Regeneration did not lead to the removal of phosphorus, but resulted in the conversion of nickel 
to nickel phosphide, as indicated by magnetism studies and XRD, especially in the case of the 
silica supported catalyst. Characterisation suggested that a nickel phosphide phase formed 
which corresponded to Ni2P. The silica supported catalyst took a longer time to deactivate, 
likely due to larger Ni particles, which were able to accommodate a higher number of bulky 
triphenylphosphine molecules. The 15 NiSi catalyst also retained a larger amount of 
phosphorus compared to 15 NiA. The 15 NiSi catalyst was easier to regenerate, since the 
activity recovery was greater than that obtained for 15 NiA when the solvent wash and 
combined regeneration experiments were conducted. The recovered 15 NiSi activity was 
ascribed to the catalyst not sintering to a significant extent, as opposed to the 15 NiA catalyst. 
The main challenges in the execution of this study lay in determining the nature of the 
interaction of phosphorus with nickel, and quantifying the change in acidity of the 15 NiA 
catalyst. From this study, the regeneration of a phosphorus poisoned catalyst was found to be 
influenced by a number of factors, such as the nature of the support, the interaction between 
the metal and support, as well as the regeneration treatment. The octanol wash step proved to 
be important, since incorporating it into the regeneration experiments resulted in an 
improvement in the recovery of the catalytic activity, and most notably, the octanol selectivity. 
The viability of the combined regeneration makes it potentially applicable in an industrial 
setting, since it was effective for a system that was severely deactivated by an exaggerated 
amount of poison. Under real conditions, the extent of deactivation is generally not experienced 
to this extreme, and the concentration of poison is much lower than that used in this study. The 
data also showed that the silica supported catalyst is a more poison resistant system compared 
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to 15 NiA, since the catalyst performed better overall, was more resilient against deactivation 
when it was exposed to contaminated feed (taking longer to deactivate than the alumina 
supported catalyst), and was easier to regenerate. This was indicated by the much higher 
activity recovery for 15 NiSi by the combined regeneration, compared to the recovered activity 
of 15 NiA by the same regeneration technique. To that effect, the 15 NiSi system is preferable 
due to its apparent robustness against deactivation by poisoning with phosphorus, and its ease 
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Appendix 2: Figures 
 
A2.1: Schematic representation of the interaction between the poison and the catalyst 
bed 
 
Figure A1: Proposed schematic presentation of the progression of poison down the catalyst bed 
A2.2: Temperature programmed desorption for the characterisation of acidity changes 
 
 























15 NiA 15 NiA-H 15 NiA-SH
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A2.3: Thermogravimetric analysis 
TGA-MS profiles were obtained for 15 NiA-U, 15 NiA-H and 15 NiA-SH, to determine if 
there is evolution of species associated with the desorption of phosphorus from the catalyst. 
From the results obtained, the weight loss was only due to the desorption of physisorbed water, 
and the combustion of carbonaceous species adsorbed on the catalyst. 
 
Figure A3: TGA-MS profiles for 15 NiA-U (A:TGA; B: MS), 15 NiA-H ( C:TGA; D:MS) and 
15 NiA-SH (D: TGA; F:MS) 
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Thermogravimetric analysis was also performed for the regenerated 15 NiSi catalyst samples, 
and are presented in Figure A4. 
 
Figure A4: TGA weight loss profiles of A) 15 NiSi-H, B) 15 NiSi-S and C) 15 NiSi-SH 
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A2.5: Scanning electron microscopy (Backscattered electron imaging, and scanning 
electron microscopy-electron dispersive X-ray mapping and line scans) 









Figure A10: BSE-EDX line scan of the 15 NiA catalyst that was removed after poisoning, 
before regeneration (after step 3, Figure 3.2, Chapter 3)  
 
Figure A11: Nickel-phosphorus distribution on A) 15 NiA-P, B) 15 NiA-H, C) 15 NiA-S and 
D) 15 NiA-SH 
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A series of experiments were performed wherein the catalyst was removed from the reactor 
after the regeneration steps, before the reintroduction of clean feed. These reactions were run 
in the sequence of CF-TPP-CF-Regeneration, and were performed for characterisation 
purposes. This was to observe any changes in the distribution of phosphorus with the 
reintroduction of clean feed. BSE-EDX maps were obtained for the catalyst samples after 
removal from the reactor.  
 
Figure A12: BSE-EDX maps showing the distribution of P, Ni on alumina for the 15 NiA 






Figure A13: BSE-EDX maps showing the distribution of P, Ni on alumina for the 15 NiA 
catalyst that was regenerated with the combined regeneration, then removed from the reactor 
for characterisation purposes 
Furthermore, STEM-EDX line scans were obtained for the 15 NiA catalyst samples that were 
removed after regeneration. 
 




SEM-EDX maps were also obtained for the poisoned/regenerated 15 NiSi catalyst samples 
 
Figure A15: Combined and individual element maps for Ni, P, and Si on 15 NiSi-P 
 




Figure A17: Combined and individual element maps for Ni, P, and Si on 15 NiSi-S 
 
 
Figure A18: Combined and individual element maps for Ni, P, and Si on 15 NiSi-SH 
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A2.6: BET Pore size distribution 
 





A2.7: Attenuated total reflectance infrared spectroscopy to establish the transformation 
of TPP on the poisoned and regenerated catalysts 
 
Figure A20: Attenuated total reflectance infrared spectra of the fresh, poisoned and regenerated 
15 NiA catalyst samples 
 
Figure A21: Attenuated total reflectance infrared spectra of the fresh, poisoned and regenerated 
15 NiSi catalyst samples 
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Appendix 3: Tables 
 
Table A1: Ni, P composition and amount of hydrogen desorbed for 15 NiA and regenerated 15 
NiA catalyst samples 
Sample Ni (wt.%) P (wt.%) H2-TPD  
(mmol g-1) 
15 NiA 14.5 - 0.5149 
15 NiA-HR (regenerated 
with hydrogen treatment) 
14.6 1.7 0.3898 
15 Nia-SHR (combined 
regeneration) 
14.6 1.8 0.3395 
 
Table A2: Quantity of hydrogen desorbed on the reduced and regenerated 15 NiSi catalyst 
samples during temperature programmed desorption of hydrogen 
Sample H2-TPD (mmol g-1) 
15 NiSi 0.1032 
15 NiSi-H 0.5986 












Appendix 4: Product identification and quantitation 
 













































Figure A23: GC-FID trace of the products obtained during Step 2 (Figure 3.2, Chapter 3), using 
the 15 NiSi catalyst 
























Figure A24: GC-FID trace of the products obtained during Step 3 (Figure 3.2, Chapter 3), using 


























Figure A25: GC-FID trace of the octanol washings obtained during regeneration of the 15 NiSi 


























Figure A26: GC-FID trace of the products obtained during Step 5 (Figure 3.2, Chapter 3), using 
the 15 NiSi catalyst 
